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Abstract 
The ability to utilise new knowledge of biomarkers from genomic and proteomic data 
will have a great impact on molecular diagnosis. Biomarker detection could be 
achieved by utilising a capture molecule that associates specifically with the target 
biomarker. The work described in this thesis focuses on a platform comprising a 
lysozyme binding aptamer and an amperometric electrode (an electrochemical 
aptasensor). To couple the binding reaction to a change in current, the aptamer is 
modified with a redox group, ferrocene. Two types of signalling aptamer were 
constructed, one comprised the aptamer self-assembled on gold and hybridised to a 
short complementary oligonucleotide carrying a ferrocene group. The second 
incorporated the binding sequence into a molecular beacon, one end of which self-
assembled onto the electrode, the other end carried the ferrocene group. Both of these 
showed a lysozyme dependent change in current on a gold electrode.  
Further characterisation of the first aptasensor suggested that the nucleic acid formed 
a multilayer structure on the electrode surface and that lysozyme binding induced 
conformational change moved ferrocene close to the surface, increasing the current. In 
contrast, the second aptamer usually showed a decrease in current in the presence of 
lysozyme suggesting that the binding resulted in the ferrocene moving away from the 
surface.  
In order to evaluate the possible use of these aptasensors for continuous in vivo 
measurement, needle shaped microelectrodes arrays were produced and the beacon 
aptamer immobilised on the surface. These electrodes had high impedance which 
resulted in low sensitivity, however lysozyme binding could still be detected using 
electrochemical impedance spectroscopy with ferrocyanide in solution. These 
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microspike arrays could also be used for glucose sensing following modification with 
glucose oxidase.    
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Chapter 1. Electrochemical Aptamer biosensors 
The deterioration of chronic disease and the spread of infectious disease can be 
stemmed by early diagnosis, monitoring and treatment. However, accessibility to fully 
equipped laboratories, facilities and skilled personnel restricts the availability of these 
procedures. The concept of “point-of-care” diagnostics aims to deliver the diagnostic 
and monitoring kits in a readily available format for non-laboratory use. An example 
of this is a disposable, small biosensor system. The advantages are not only reflected 
in the resources, but also yield results rapidly to give feedback on the control of the 
spread of infection and curb the deterioration associated with chronic diseases.[1].  
Point of care testing (POCT) has been one of the successes of the diagnostic industry, 
given that it has an annual growth rate of 10% within the in vitro diagnostic market. 
[2, 3] According to market analysis, the revenue from the POCT kits and devices is 
expected to be around 2.25 billion USD in the US [4] and 1.56 billion USD in Europe 
[5] by 2012. The main market driving force for POCT is the enhanced portability that 
provides rapid and immediate patient care. [2, 3, 6]. 
To date, most protein target determination methods for POCT are based on antibody 
assays, which make up approximately 30% of all diagnostic tests. [5] The protein 
POCTs are mainly used to test for pregnancy and ovulation (e.g. HCG and FSH), 
infectious diseases (e.g. C-reactive protein test for inflammation), cardiac diseases 
(creatine kinase MB, troponins, B-type natriuretic peptide), cancer (e.g. Prostate-
specific antigen), and diabetes (e.g. glycated haemoglobin identifying the average 
plasma glucose levels over the preceding 3 months) [6]. 
Methodologies based on immunoassays constitute a large proportion of the protein 
POCT and techniques for producing the necessary reagents include the raising of 
polyclonal and monoclonal antibodies, antibody-ribosome mRNA particle selection 
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process, and phage display. [7] Furthermore, these methods can be applied to change 
the specificity, affinity or stability of an biomolecule or to introduce functional tags 
for conjugation or immobilization[8].   
Single-stranded DNA/RNA and peptides can be synthesised and selected for  
biomarkers or other targets in vitro.[9, 10]. The selected candidates can then be used 
as the corresponding capture molecules in a biosensor. We review different formats of 
affinity biosensor in this chapter.  
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1.1 Biosensor  
 
Figure 1-1 The principle of biosensors. The bio-layer in light blue is responsible for the 
binding or recognition for target analyst. A transducer layer converts the binding signal into 
electrical readout, which can be potential, temperature, optical or mass. 
Biosensors share a common basic structure regardless the complexity of the device, 
which comprises receptor biomolecule, transducer, and readout component. The form 
of the readout component could vary widely in terms of the device complexity. In one 
end, the simplest form could be the display of a change of colour or development of a 
coloured band or dot. On the other end, the readout form could be integrated with 
wireless communication and an intelligent micro-controller. The basic structure of a 
biosensor is illustrated in Figure 1-1. The transducer acts as the bridge connecting the 
biological molecules with electrical, optical, or mechanical measurement [11, 12, 13 ].  
 The analytes are recognised by the receptor bio molecule, which could be protein, 
peptide, oligosaccharide, or nucleic acid. Each interaction is ideally specific to one or 
a few relevant analytes so minimising cross reactivity and false positive signals. The 
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transducer should similarity show minimal response to other molecules in the sample. 
It is important for a sensor to be specific, sensitive, and robust. A biosensor should 
address the required specification and consider the need of users. In the case of Point-
of-Care application, an ideal biosensor should be simple to use and provide valid 
result for the purpose. The robustness is an important factor in selecting a biological 
molecule from a pool of candidates. For example, RNA is less stable than DNA due to 
the ubiquitous presence of RNases as well as the presence of the 2′ hydroxyl group. 
All these make DNA a better choice in sensor applications in terms of the robustness.    
Specificity and sensitivity are the two basic qualities by which a biosensor is judged 
and regulated [14]. By definition, specificity is the function of false positive responses 
while sensitivity is the function of false negative responses. Specificity is a 
measurement of cross-reactivity to matrix molecules other than the intended target. 
For example, poor specificity implies many false positive responses in a population of 
a trial. The poor specificity could come from an intrinsic broader binding affinity of 
the receptor molecule or the non-specific interaction of sample molecules to the 
supporting sensor matrix. In the first case, re-optimisation of the binder selection 
process or modification of the binder molecules could reduce the cross-reaction. To 
reduce the undesired interaction between supporting material and sample molecules, 
simple blocking could help to reduce the problem. Typically, non-ionic detergent [15], 
non-reactive biomolecules [16], or synthetic organic polymers [15] are used in various 
applications. Similar strategies have been published on DNA microarrays [17, 18]. 
The specificity of sample-probes hybridisation is critical in such an application and a 
strong test of effectiveness.  
The study has shown different surface chemistries have a great impact on the signal-
noise ratio over the background fluorescence from the supporting matrix. 
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Sensitivity indicates the lowest sample concentration required to be detected by a 
device and is determined by the pathophysiological level.. There is a strong 
correlation between the binding affinity of the bio-sensing molecule of a biosensor 
and the target concentration range. At a given concentration, a lower dissociation 
constant is the same as a higher percentage of the bound binder-target complex. 
Generally, a sensor using a capture molecule with very low dissociation constant is 
associated with enhanced sensitivity and specificity. However, sensitivity and 
specificity are separate qualities. It is not unusual that a high affinity binder binds to a 
few targets more weakly and non-specifically. Apart from the intrinsic binding 
affinity, the sensitivity of a biosensor also depends on the signal-noise ratio, which in 
turn a function of the transducer and instrumental design.  
1.2 From ligand binding to reading the binding event  
 It is paramount for a biosensor to match the right transducer with the selected 
receptor biomolecule. In the top layer of a biosensor (Figure 1-1) are the selected 
receptor molecules. These can be nucleic acid [19], an antibody [20, 21], an enzyme 
[22], a protein receptor [23],fraction of cell membrane [23],or polysaccharide [24]. 
The capture molecules are  
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Transducer Measurement  Target Analytes 
Semiconductor electrode Potentiometric 
Gases, ions, nucleic acid, 
antigen, enzyme detection 
Field effect transistor Potentiometric 
Ions, nucleic acid, antigen 
antibody, enzyme  
Optoelectronic wave 
guide 
Optical 
Nucleic acid, antigen/antibody, 
enzyme, organelle 
Chemically modified  
electrode 
Amperometric/Potentio
metric 
Enzymes, nucleic acid, 
antigen/antibody.  
Thermistors Calorimetric Organelle, enzyme, nucleic acid 
Piezoelectric Crystal Acoustic  
Enzyme, antibody/antigen, 
macromolecule, organelle. 
Table 1-1 The component and biosensor transducer system 
selected for their own specific and unique interaction with targets in their native 
environment. The critical part of a biosensor is to retain the function and interaction of 
the bio-active component and to immobilise or integrate the capture component  
 with a suitable transducer. The binding or reaction of the target to the receptor 
molecule could produce heat, generate light, or produce mass difference, which could 
be measured by a calorimeter [25], optical sensor [26, 27], or quartz balance [20, 28], 
just to list a few. There are selection of transducer systems that could be used to read a 
capture or binding event on a biosensor Table 1-1. The choice of the transducer 
system depends on the application as well as the nature of the ligand-target interaction. 
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For example, electrochemical system would fit better for a disposable POC device, 
while optical systems could offer great sensitivity in a laboratory environment.  
For a quantitative application, it is essential that the amount of binding be correlated 
to the strength of signal. A readable signal is defined by measurement technologies. 
The properties that could be measurements include physical and chemical methods. 
Optical properties include adsorption, diffraction, light emission or scattering [29]. 
Direct measurement of the added weight after binding is also possible. Chemical 
methods normally involve redox reaction, reaction heat, volume or others, and 
produce physical readable signals. Often, these signals are converted electronically 
and analysed with software before displaying the result.  
One of the newly developed biosensor using electrochemical method is the gene 
detection platform using ferrocene-conjugated oligonucleotide in Osmetech sensor 
[30]. In terms of robustness and simplicity, a good low-cost example could be found 
in colloidal gold conjugated antibody in a lateral flow strip[31]. A great part of 
whether a biosensor is successful replies on the signal transducer. Since biomolecules 
extracted from biological system do not necessarily carry properties that can be 
sensed or generate signals, such as light or electrical current. It is often that 
modification and grafting is necessary to translate the binding into a signal. In the case 
lateral flow strip, the colloidal gold plays this role while ferrocene conjugated 
oligonucleotides in Osmetech product generate the electrical current that could be 
measured.  
The detection of electrochemical methods is naturally appropriate with a transducer. 
The electrochemical methods study electron transfer reactions on electrodes between 
the conductive sensor surface and the redox active molecules in solution.  
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The distance-dependent electron transfer theory was further developed by Marcus in 
1956 [32] and the electron transfer rate is an inverse function of the distance between 
the electron donor and the acceptor. [33] The methodology has been well developed 
for various conditions, such as a thin-film reaction or irreversible reaction. Sensor 
using the technique does not need to invent a completely new methodology. In many 
cases, the method can easily detect small current of nano ampere.  
Optical biosensors [34] measure change in native binders or signals from modified 
carriers. The first of these exploits the change of the intrinsic property of the sensing 
molecule because of the association. These properties include absorbance, emission, 
polarization, or luminescence decay time of a receptor. For example, enzymes using 
FAD undergo intrinsic spectral changes when reacting with substrates. The second 
type involves optical labels as the signal carrier. This requires the molecule to be 
labelled with the signal carrier. The carrier can be a light beacon or an 
environmentally sensitive probe, which changes the excitation/emission spectrum 
upon target binding. The method is also sensitive, since a fluorescence carrier emits 
tens to hundreds of thousands of photons a second. The modern consumable imaging 
device is capable of single molecule detection. Therefore, combining both makes the 
fluorescence detection a powerful tool. However, optical devices generally require 
large instruments that accommodate sensitive optical components as well as the light 
source. This method is not as easy to transform into a field device as the electrical 
method, where there is a plentiful supply of handheld devices, such as potentiostats.     
Beacon-style labelling is popular in the application of nucleic acid detection. Since the 
nucleic-acid chain is flexible then the two ends form an annealed hybrid, provided 
that the sequences are complementary to each other. Fluorophore and quencher can be 
attached to either end. The conformation of annealed hybrids resembles a hairpin and 
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the labelled hairpin is a molecular beacon. The beacon emits fluorescence when the 
hairpin is opened or the quencher/fluorophore is removed from the beacon. The 
strategy can be found in a Taqman assay in Life Technology.  The use of metal 
nanoparticles that exhibit distinctive light absorption properties could also be an 
efficient means of detection. The nanoparticles due to the collective oscillations of 
surface electrons[35]. 
Closely-related optical method is the use of surface plasmon resonance to monitor the 
changes in the refractive index that occur within a few hundred nanometers of the 
sensor surface of the evanescent field. The changes are normally generated as a result 
of the binding events on the surface with the immobilised receptor or the dissociation 
of this complex[36]. BIAcore is an example of a commercialised affinity sensor 
instrument based an optical techniques, without labelling the immobilised molecule, 
measuring the change in the refractive index on a binding event [28, 37] as shown 
Figure 1-2 
 
Figure 1-2 One of the SPR methods[28]. The intensity of the reflectance can be related to the 
adsorption or desorption on the surface. 
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Electrochemical detection methods are integrated as the transducer layer in biosensor. 
The method is popular as the transducer layer could be consist of simple printed 
electrodes on plastic or other solid backing as shown in Figure 1-3. Many 
electrochemical techniques could be used in the sensor, including voltammetry [38, 
39], impedance spectroscopy [40], and electrolyte-interface-semiconductor (EIS) in 
field-effect transistor bio-sensing [41, 42].  
 
Figure 1-3 Electrode arrangement of screen printed  sensor on a solid support 
With the sensing layer interwoven on to the electrodes, the redox response on the 
surface could be translated into electrical signal. More details will be given in the later 
chapter.  
1.2.1 Bio-recognition molecules 
Billions of years of evolution never stop optimising the interaction between molecules 
in a biological system, including cells, tissues, or organisms.  Some of the functions 
are conserved and the molecules share similar structure and function even in different 
organisms. These conserved molecules are involved in the core mechanisms inside a 
cell or organism. Examples are regulation for gene expression, the synthesis of 
proteins, replication of nucleic acids and immune response. The protein-protein [43], 
protein-DNA, glycoprotein associations are highly unique and non-specific interaction 
outside the programmed pathway could cause serious consequence for the cell or 
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organisms. The highly specified molecular interaction could be utilised as the bio-
recognition molecules in a biosensor. These molecular interactions are mostly 
reversible binding and therefore consist of non-covalent bonding [44]. Among all, the 
non-covalent force includes hydrogen bond, ionic interaction, van der Waals 
interaction, and hydrophobic interaction. The binding could be enthalpy or entropy-
driven, depending on the circumstances. Due to the diversity and complexity of the 
bio-molecules, it is generally difficult to synthesis a bio-recognition molecules using 
de novo design. The selection of a suitable bio-recognition molecule could be 
summarised into two, in vitro combinatorial library screening or in vivo active 
molecule selection.    
1.2.2 In vivo active biomolecule selection 
When the target is a natural substrate, product, or intermediate, it is sensible to 
identify the molecular pathway involved and utilise the molecules in the pathway. 
Such candidates could include the enzyme that metabolise the target, or its native 
receptor. The pathway could be the result of an immune stimulation. Antibody could 
be selected by stimulate the host with the target molecules in a way similar to how a 
vaccine is generated.  
1. Enzymatic Biosensor 
Example of biosensor utilising enzyme could be found in the bio-recognition as well 
as the transduction. Horse-radish peroxidase could catalyse the redox reaction and 
translate a binding event into a electrical current or optical changes [45]. When used 
in the recognition layer, enzymes carry out the bio-catalytic reaction using the target 
as substrate or inhibitor for the enzyme function. Detection could be associated with 
the catalytic reaction or the inhibition of a catalytic reaction by an inhibitor such as a 
heavy metal ion or a pesticide [34]. 
PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com
37 
One established enzyme-based biosensor uses glucose oxidase in diabetes application, 
which converts D-glucose into gluconolactone. The products of the reaction can be 
translated into electrical signals, such as current changes due to the generation of 
hydrogen peroxide.  
2. Antibody Biosensor 
Affinity based bio sensing is widely used. Immunoglobulins are good examples as the 
bioactive component. The differentiation and production of antibodies is a mature 
technology. Each antibody recognises a relevant ligand with high affinity and low 
cross reactivity [46]. The development of antibody production for a given ligand 
makes immunoglobulins attractive bio molecules for biosensors. After stimulating the 
immune system of a host with a ligand antigen,  the antigen triggers the production of 
a host of antibodies. The purified clans of antibodies are generally referred as 
polyclonal antibodies, which consist of a heterogeneous population of molecules. 
More heterogeneous antibodies are produced either by clonal selection of antibody 
producing hybridoma cell cultures (monoclonal antibodies) or from a recombiantly 
expressed antibodies on phage. The ability to tune specificity without compromising 
affinity is useful in developing sensors for new targets and new applications. The 
exploitation of the bio-recognition of the antibody relies on successfully combining 
the antibody with the transducer that then converts the binding of the antigen into a 
readable signal.  
The widely used applications of antibodies are ELISA and lateral flow strip.  the first 
antibody that recognises the target is immobilised Figure 1-4. The binding of an 
antigen does not produce a readable signal. The second antibody is the reporter carrier. 
The reporter could be an enzyme such as horseradish peroxidise, fluorescence probe, 
or colloidal particles. Association of the second antibody with the immobilised 
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target/first antibody allows for the measurement. Modification will inevitably change 
the overall conformation of an antibody. However, the structure of the antibody is 
generally robust enough to survive modification. The active regions of antibodies are 
only a small fraction of the overall structure. So long as the modification is not critical 
to the recognition, it does not pose a significant technical challenge in combining with 
transducer systems. The same structural robustness would not be the same to all 
biological molecules. Surface loading or mass change by surface plasma resonance or 
quartz balance are examples.  On other occasions, an antibody could be integrated into 
a conductive matrix. [47] The binding of an antigen would change the current, which 
is quantitatively correlated to the concentration of the antigen.  
                    
Figure 1-4 Example of an ELISA assay which resembles a sandwich structure. The reporter 
carrying secondary antibody only binds to the surface in the presence of the antigen as 
shown in the graph.    
The scalability of antibody production and relatively structural stability are important 
in commercialising the antibody-based sensor. Unlike the enzyme-based sensor, it is 
possible that an antibody-based product does not need low-temperature storage or 
complex, which makes crucial difference in how/where/whom the sensor could be 
used.  
One weakness is the cost associated with the antibody selection. Selection is to 
provide the required sensitivity and selectivity. Even with the good sensitivity, cross-
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reactivity would eliminate many antibody clones generated from a selection process. 
The effectiveness of the selection is limited by the speed and cost associated with the 
in vivo screening process.  In terms of reproducibility and production to a sensitivity 
and specificity, polyclonal production is hard to predict the cross reactivity and higher 
cost is associated with monoclonal selection.   
1.2.3 In vitro combinatorial library selection 
The technologies of in vitro combinatorial library selection includes phage display. 
[48], affibody [49, 50], and aptamer technologies [51-53]. Here the focus in on the 
aptamer, where the library is built from a collection of random sequences. We 
describe a new class of affinity sensor using aptamer, also named aptasensors. 
Aptamers are oligonucleotide or peptide molecules selected in vitro against a specific 
target molecule, similar to antibody-antigen binding. The advantages of aptamer 
method especially nucleic acid-based aptamer include the diversity of the selection, 
the turnaround in a round of selection, and the sequence knowledge and large-scale 
production of selected aptamers. Since the aptamer is selected from a defined library, 
the length and the size are restricted to the input library. It will be challenging to start 
with library consist of hundreds or thousands of random sequence in length. As the 
result, the diversity may be limited by the size. However, the modern molecular 
technologies in enzyme/amplification methods and automation in high-through-put 
screen make the selection of aptamer much faster, which exploit the ultra-high 
parallelism of the library-based selection. The sequence of selected nucleic acid 
aptamer could be easily recovered and reproduced using standard industrial service to 
have the economy of the scale. As the result, the technology has been found many 
applications beyond the invention for capture molecule discovery, such as drug 
delivery[54], therapeutic active agent[55], and imagining agent[56].  
PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com
40 
The definition of aptasensor is “a self-contained integrated device which is capable of 
providing specific quantitative analytical information using a biological recognition 
element in this case, the aptamer in direct spatial contact with a transducer element.” 
The application of aptamers to the field of biosensors takes advantage of in vitro 
synthesis and its tuneable properties. It has a huge potential to produce reusable, small 
sized sensors towards point-of-care devices. 
An aptamer is a new class of molecular binder, generated using in vitro selection 
methods. [57] An aptamer can be comprised of a nucleic acid, peptide, or a hybrid of 
the two. Today, nucleic acid is very popular in most of the aptamer studies. The 
benefits of nucleic acid include low cost, chemical stability, and the introduction of 
efficient selection and enrichment method. There has been substantial commercial 
investment in nucleic acid synthesis service as well as PCR technology. These 
investments and services have made synthesis of long chain nucleic acids efficient at a 
low cost. In terms of stability, DNA is known to be stable at a wide range of 
temperatures and humidity. RNA, however, is more susceptible to hydrolysis or 
degradation during the screening method. Single-stranded nucleic acid has a great 
degree of freedom in solution. The combination of the flexibility of the nucleic acid 
chain with variable purine/pyrimidine bases could lead to specific interaction with a 
target molecule with strong affinity.   
The nucleic acid aptamer can form structures based on local polar and nonpolar 
interactions, such as hydrogen bonds, Pi-Pi interactions, dipole-dipole and van der 
Waals forces. 
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1.3 Aptamer as the active component in affinity-type sensor   
                      
Figure 1-5 Structure of an IgG antibody by Harris  [58]. PDB (1IGT) 
Antibodies are protein products from the immune system. The role of antibodies is to 
defence against alien objects that could potentially harm the host. Specific recognition 
and binding to the alien objects are the critical part of the defence mechanism. 
Antibodies attack to the host would have cause diseases such as [59]. The structure of 
a popular antibody subtype, IgG, resembles a Y-shape protein (Figure 1-5), of which 
the ends of the both arms are responsible for the recognition and binding[60]. 
Antibodies are large proteins, which are about 150 KDa. Of the whole structure, only 
a small fraction is responsible for antigen binding. Modifications such as 
immobilisation or fluorescent labelling in the relatively large structural region would 
have less or little effect on the binding [61-63]. As the result, antibodies are widely 
used in many applications. Fluorescently labelled antibodies are used to locate 
specific components in or around cells [64]. Immobilised antibodies can be used to 
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capture specific targets or complexes from cell lysates such as 
immunoprecipitation[65]. 
Despite the success of current antibody application, the limitation remains with the 
selection, production and risk of contamination from the production hosts. The 
selection process could be time consuming and costly when required sensitivity and 
selectivity are not achieved. Aptamers as artificial ligands are another options to meet 
the need for specific binders. An aptamer can be a good capture molecule on the 
surface of a biosensor for the reason described earlier. Aptamer has clear advantages 
in industry when it comes to production scale-up, quality control, and  modification 
[19]. Functional aptamers were shown by enzymatic modification, electrochemical 
modification, and immobilisation.   
For a new application, we feel that it is plausible to re-develop an existing aptamer 
from a similar target or the same target but in a different application. Being artificial 
ligands, the modification of aptamers can be site specific to the backbone of the 
nucleic acids or on the purines or pyrimidines. The modification can take a more 
systematic route.  An existing aptamer could form the basic library, from which an in 
vitro selection with new requirement can be started. The new requirement could be a 
different background containments, changed transducer, or simply an improvement of 
the existing ones. Comparing to the antibody in affinity-type sensor, immune-
molecules do not have the breath of options in term of modification. The 
immobilisation of an antibody by simple adsorption do not have the same control over 
the orientation of the antibody on the surface. A detailed comparison table of pro and 
con between antibody and aptamer as the bio active component in a biosensor list in 
Table 1-2. 
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Antibody Aptamer 
size high molecular weight low molecular weight 
production 
In vivo , monoclonal/polyclonal 
antibody production. Batch to batch 
variation [16, 20] 
In vitro chemical SELEX process, no batch 
to batch variation [66-68] 
shelf life  
sensitive to temperature, irreversible 
denaturation, limited shelf life 
DNA form can be stored at room 
temperature, reversible denaturation, long 
shelf life; the RNA form can be modified to 
resist nuclease 
target range 
naturally occurred antigen, toxins 
are not well tolerated by animals 
during production 
Against any target of interest, including drug 
molecules or small molecules 
labelling  
The site of labelling can be 
disruptive to antibody-antigen 
binding 
labelling is precisely linked to sugar 
backbone or the pyrimidine ring 
Table 1-2 Comparison of Antibody vs. Aptamer in biosensor application 
1.3.1 Selection of Aptamer through in vitro SELEX process. 
The most commonly used nucleic acid aptamer selection methods in vitro is called 
Systematic Evolution of Ligands and Exponential Enrichment (SELEX), first 
described by Tuerk and Gold [69]. The aptamers developed by Ellington are evolved 
from combinatorial libraries of single strand RNA motifs specific to organic 
dyes.[67].   
A random sequence oligonucleotide library, which is comprised of 1012 to 1015 
sequences, contains regions of random or mutated sequence around 30 bases flanked 
with a constant sequence, typically 15–25 bps long. [70][71] It contains a T7 RNA 
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polymerase promoter sequence located at the 5 terminal of the construct. This RNA 
polymerase promoter is essential in the later stage of transcription. In order to produce 
aptamer sequences with a high affinity and specificity for the ligand binding, the pool 
must satisfy a high sequence diversity to increase the statistical probability for a 
desired probe to be present.   
Following the incubation with a target of interest at a chosen condition, such as a 
buffer of choice or at a specific temperature, during the initial cycles of selection only 
a tiny percentage (0.1-0.5%) of individual sequences would interact with the target.  
These sequences are separated from the rest of the library by techniques such as 
affinity chromatography or partitioning. This isolated population of sequences is then 
amplified to obtain an enriched library for the subsequent selection/amplification 
cycle.  
The efficiency of enrichment of high-affinity binders is governed by the stringency of 
selection of each round. To this end, negative selection (removal of aptamers that bind 
to unwanted structures) and counter selection (removal of aptamers that bind to 
structures similar to that of the target) are employed. The length of the incubation time 
of the library with target used is manipulated to yield aptamers with the desired 
kinetics. Upon achieving affinity saturation, typically after 8-15 cycles of 
selection/amplification, the enriched library is cloned and sequenced and individual 
sequences investigated for their ability to bind to the target (e.g. by using surface 
plasmon resonance). Aptamers can then be truncated as desired, eliminating the fixed 
primer sequences as well as those identified not to be part of the consensus motif (i.e. 
sequence required for binding). When the desired sequence has been identified, the 
aptamer can be produced in sizeable quantities by chemical synthesis [72]. 
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RNA is prone to hydrolysis due to the action of RNase. Solutions are also supposed to 
prolong the lifetime of unmodified RNA aptamers, which in biological fluids is 
typically less than 10 min due to the action of nucleases.  The approach is to modify 
the oligonucleotide backbone, such as by changing the 2'OH groups of ribose to 2'F or 
2'NH2 groups yielding aptamers which have a high longevity in blood[73]. Many 
improved SELEX processes [66] are also exploited to avoid the degradation of RNA. 
FlugMag-SELEX [74] is a DNA aptamer selection process using fluorescent labels 
for DNA quantification instead of radiolabelling. In this process, the magnetic beads 
are designed for target immobilization thus the bound sequences will remain onto the 
beads.  
Additionally, an automated robotic system enhances the mechanical process of 
SELEX for high through put processes [68, 75], and reduces the involvement of 
labour for each step, as well as further enhancing the rate of selection per cycle of 
SELEX.  
1.3.2 Structural information of target-bound aptamer  
Following the development of the aptamer, it has been of great interest to investigate 
the aptamer-protein binding structure using NMR and crystallography. The NMR 
structural information is available for a few aptamer-target complexes. For instance, 
the solution structure of the aminoglycoside antibiotic tobramycin associated with a 
stem-loop RNA aptamer was solved in 1998 [76]. The RNA aptamer loop is zipped 
up alongside the attached stem through four-mismatched pairs and one Watson-crick 
pair on the complex formation. The target inserts into the deep groove centred about 
the mismatch pairs and is partially enclosed between its floor and a looped out 
guanine base that flaps over the bound antibiotic. The potential intermolecular 
hydrogen bonds, found between the charged amine group of the tobramycin and 
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acceptor atom on base pair edges and the backbone phosphates, anchor the antibiotic 
within the aptamer sequence.(Figure 1-6) Some complementation is not structurally 
related, with ligands such as theophylline being complemented with a precise stacking 
of flat moieties to compensate for the flat ligands and also in order to interact with the 
polar surfaces of the target specifically through hydrogen bonding[77].  
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Figure 1-6 The structure of Tobramycin-aptamer complex (2TOB) [78]. Tobramycin is 
represented sticks and balls while aptamer in a purple ribbon.  
                                              
 
 
Figure 1-7 The RNA sequence of the aptamer binding to Thrombin (left)The Thrombin is 
represented in ribbon structure(right) and the RNA is shown in green. The source is from the 
Protein Data Bank (3DD2) 
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The crystal structure of the RNA-Thrombin complex [79] was obtained by Stephen 
Long. The oligonucleotide was adhered to thrombin at the binding site for heparin 
(Figure 1-7).  
The conformation of the thrombin-binding aptamer (GGTTGGTGTGGTTGG) in 
solution is one of a series of thrombin-binding DNA aptamers with a consensus 15-
base sequence that was shown to inhibit thrombin-catalysed fibrin clot formation in 
vitro [80].   
The oligonucleotide forms a unimolecular DNA quadruplex consisting of two G-
quartets connected by two TT loops and one TGT loop. Many thrombin sensors are 
based on the structural information of the aptamer, which upon binding to thrombin, 
forms the quadruplex structure. When the signalling molecule relates to this structural 
change, this is translated into a signal change accordingly.  
1.3.3 Chemical modification of the aptamer for biosensor  
We have summarised the different aptamer sensors for a variety of analyte in Table 
1-3. Of these, anti-thrombin and anti-lysozyme aptamers are the most widely used 
aptamers.  
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Aptamer Sensor type Limit of detection 
Re-
generati
on 
Literature 
Anti-Thrombin(DNA),  
anti-Thrombin(RNA),  
anti-VEGF(RNA) 
SPR Imaging 1pM (VEGF)  Li et al. (2007)[81] 
Anti-Thrombin(DNA),  
anti-HIV-rev (RNA) 
Luminex bead-based 
assay 
1.5nM 
(Thrombin) 
 
Porschewski et 
al.(2006)[82] 
Porschewski et 
al.(2006)[82] 
Anti-Thrombin(DNA) 
Electrochemical 
detection with 
molecular beacons 
11nM 7M Urea 
Bang et 
al.(2005)[83]  
Anti-Thrombin(DNA),  
anti-HIV-rev (RNA) 
Surface Acoustic 
Wave (SAW) 
75pg/cm2 0.1M NaOH 
Schlensog et 
al.(2004)[84] 
anti-Thrombin (DNA) 
Enzyme linked 
aptamer 
assay(ELAA) 
1nM  
Baldrich et 
al.(2004) [85] 
anti-lysozyme (DNA)  
anti-lysozyme (RNA)  
anti-HIV Rev (DNA)  
anti-Ricin(RNA) 
Electronic Tongue 
(ET) Sensor array 
320ng/ml 
(Ricin) 
100mM 
sodium 
citrate10mM 
EDTA 7M 
Urea at pH5 
Kirby et al .2004 
[86] 
anti-taq polymerase 
(DNA) 
Micromechanical 
cantilever Sensor 
50pM 
aqua regia 
(3:1 
HCl/HNO3) 
Savran et al.(2004) 
[87] 
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anti-IgE(DNA) 
Quartz crystal 
Biosensor 
0.5nM 50mM EDTA 
Liss et al. (2002) 
[88] 
anti-thrombin(DNA) 
Fibre optical sensor 
with competitive 
assay 
1nM 
6M 
Guanidinium 
hydrochloride 
solution 
Lee et al. (2000) 
[89] 
anti-Thrombin (DNA) 
Evanescent wave 
induced fluorescence 
anisotropy, label 
with fluorescein 
isothiocyanate 
 
Guanidinium 
hydrochloride 
solution 
Potyrailo et al. 
(1998) [90] 
Table 1-3 The list of the aptamer sensors and basic characteristics of the sensor [91]. 
Based on the knowledge of those sensors, we roughly categorised them into 
conformational dependent and competition displacement aptasensors. The former 
need the structural information of the aptamer in order to ensure that the 
conformational change of the aptamer upon binding to the analyte can be correlated to 
the reporting molecule. The latter is a general approach whereby the analyte competes 
with a sequence that is complementary to the aptamer.  
The two commonly used labelling strategies for the two categories of sensors are 
firstly on the complementary strand of the aptamer or secondly on the aptamer itself. 
The latter has the following advantages: reusability (since renewing the sensing 
surface does not necessarily require the addition of new reagent, it may simply 
involve heat, acid or alkaline denaturation of the surface), as well as having the 
practicality for in vivo application,  and it does not require the release of foreign 
elements into the body.  
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1.3.3.1 Conformational dependent aptasensor  
As discussed above, the structural studies have shown that aptamer-target binding 
events frequently result in significant changes to the former’s secondary structure. 
Labelling associated directly or indirectly with the aptamer takes the advantage of the 
“induced fit” model. If the label is sensitive to the binding dependent structure 
change, then it transduces this event into a change in the quantity or intensity of the 
labelling signal.  
An archetypical example is the thrombin sensor investigated by Xiao [92] using 
methylene blue label. Here the free aptamer has a linear structure, which is 
sufficiently flexible to allow a portion of aptamer molecules to translocate onto the 
electrode surface. Thrombin binds and stabilises the aptamer structures inducing the 
formation of compact tertiary structure. This reduces the number of redox species 
within close proximity of the surface and thus it becomes more difficult for direct 
electron transfer, which is distance dependent. Hence, the binding event is reflected in 
the reduction of redox signal.  
This method is further applied by Lai’s research group [93] in a platelet-derived 
growth factor (PDGF) sensor. Here the conformation of the free aptamer positioned 
the label further away from the electrode interface than that of the bound 
conformation, resulting in signal gains proportional to the increase in the 
concentration of target up to point of saturation. 
1.3.3.2 Displacement type of aptasensor  
A displacement assay is defined as a system in which the aptamer-target binding event 
results in the association or dissociation of the complementary part of the aptamer, 
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leading to the change of the local environment of the label, reflected in the change of 
the transduced signal.  
Sensors of this type are often composed of two oligonucleotide strands complemented 
in the double stranded helix form. In addition, the redox labelling is normally 
positioned on the one that is not immobilised on the surface, while the immobilisation 
involves the chemical modification of the oligomer. The target binding results in the 
disruption of pre-formed helix structure resulting in a semi- or totally-free single 
strand with the reporter molecule attached. Effectively, this results in a reduced signal 
depending on the level of remained helix structures at the interface.  
Here, the free energy (∆G) complementary oligonucleotide to the aptamer is critical 
for the experiment, due to that the free energy of evolving the target/aptamer complex  
needs to be more stable than that of the double stranded aptamer helix, which 
dissociates upon the formation of the new aptamer-target complex. However, the 
design of the complemented strand is obliged to fit two criteria, primarily 
complementing to the aptamer with the mismatches, which can be self-hybridised. 
This restricts the combination of nucleotides, and thus the aptamer has potentially to 
be modified to fit the assay requirement.  
The other concern of this assay is the sensor usage limitation, as it releases the foreign 
DNA molecules into the body in the binding event. The potential inhibition effect on 
the target function needs to be considered.   
An early example of dissociation dependent aptamer biosensor was based on 
adenosine aptamer isolated by Szostak et al [94, 95]. The original aptamer contains a 
stem loop motif. Adenosine binding event results in the local structural rearrangement 
to produce binding site where both Watson-Crick interaction as well as less 
conventional purine-purine interaction is present, particularly localized at the binding 
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site, and stabilized by the bound adenosine [96].  Further development of this model 
includes the addition of a short nucleotide sequence hybridized to the main one, close 
to the sensor interface. Dissociation of the short strand from the aptamer is induced as 
a result of the adenosine-binding event, subsequently bringing about the loss of the 
signal. [97-99] 
In Liu’s [97] paper the aptamer label uses gold nanoparticles immobilized through 
thiol bonds to either 3’ or 5’ terminals of two different thiolated short sequences. 
These two short sequences are lined up and complement a linker sequence, which is 
joined with the adenosine aptamer and to part of the aptamer sequence. This aggregate 
is seen as a purple colour in solution to the naked eye. Since the short sequence is 
complemented to the adenosine-binding site, the target binding would dismantle the 
aggregate, hence the nanoparticle-attached oligonucleotide becomes unstable and 
dissociates. (Figure 1-8) This disaggregation results in a change in absorption spectra 
from blue to red.  This strategy is rather complicated, requiring the generation of three 
short sequences, producing gold nanoparticles and the knowledge of the position of 
the binding site. Nanoparticles possess a high extinction coefficient and distance 
dependent optical properties.  
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Figure 1-8 The gold nanoparticle is represented as the blue ball with a sequence attached to 
it. The sequence shown in the green is the adenosine aptamer, followed by a shorter linker 
and an extra sequence. Part of the aptamer and the linked full sequence is complementary to 
the gold nanoparticles. 
Shen has reported an aptamer biosensor for AMP [98]. The aptamer on the sensor is 
labelled non-covalently by hexamminoruthenium (III) ions in a (RuHex)–DNA–
electrode chronocoulometric system. The principle of detection is illustrated in Figure 
1-9. Similar to the research paper reported by Liu, the complemented short 
oligonucleotide is at the adenosine-binding site. However, the charged ruthenium 
label associated with the negative backbone phosphate of the nucleic acid through 
electrostatic interactions. Since the short sequence is not immobilized on the surface, 
it is released as an allosteric change of the aptamer binding to the AMP. Therefore, 
the current density is decreased.  
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Figure 1-9 A diagram of an aptamer AMP biosensor. A short fragment of oligonucleotide is 
hybridised with the aptamer, which is immobilised on the surface. Hexamminoruthenium ions 
are associated with nucleic acid backbone phosphates stoichiometrically. The detection of 
AMP binding is associated with displaced oligonucleotides which results in reduced 
hexamminoruthenium ions [98] 
In 2008, Lu, et al [100] proposed a simple strategy for the development of aptamer-
based electrochemical sensors with a readily regeneration feature since the aptamer-
analyte complex is displaced in the assay, and hence no step is needed to remove the 
target as if the aptamer is immobilised on the sensor surface. The scheme is described 
in Figure 1-10 
                
Figure 1-10 Aptamer in black is hybridized to a DNA sequence immobilized on the surface 
with a reporter attached. As the analyte binds to the aptamer, it is dissociated from the 
hybridized sequence.  
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1.3.4 The anti-lysozyme aptamer  
We picked the anti-lysozyme aptamer instead of the others because it is widely used 
across the aptasensor world and no structural information is available for the binding 
complex, thus we can apply the aptamer design strategy described in Chapter 3 and 4. 
Lysozyme is an enzyme naturally occurring in animal secretions, such as tears, saliva, 
and egg white.  It hydrolyses the bacterial cell wall and acts as part of the innate 
immune system in humans. 
The first anti-lysozyme aptamer RNA with a reported affinity of 31 nM was 
developed by the Ellington group [75]through automated robotic partitioning, RT-
PCR cycling and in vitro transcription systems. 
The original library was a RNA pool, called N30, in which the randomised region 
contains 30 nucleotides, flanked by constant regions that were required for enzymatic 
amplification such as T7 promoter, polymerase, and terminator regions [68, 75, 101]. 
Wang’s group has successfully characterised the bio-electronic sensor detection of a 
DNA aptamer lysozyme interaction[102].  The following work on the biosensor of the 
aptamer then has a focus on the DNA rather than the RNA, despite the tighter binding 
of the latter. The same research group then proposed the label-free impedance 
spectroscopy (discussed in detail in the following section) detection of proteins based 
on the charge switches [103]. In detail, the immobilisation of the biotin-conjugated 
aptamer onto the streptavidin/polymer-coated indium–tin oxide (ITO) electrode and 
the Faradaic Impedance Spectroscopy (FIS) signal transduction was measured of the 
redox species in the solution.  Although the specific interaction of lysozyme and its 
aptamer is not just due to the charge interaction between the positively charged 
protein surface and the negatively charged nucleotides backbone, the work stated that 
the backbone of the DNA was effectively shielded by the lysozyme, and thus that the 
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electron transfer resistance of the redox probe to the electrode surface has effectively 
switched, and either become repulsive or attractive dependent on overall charges of 
the reactants.   
The anti-lysozyme aptamer was also integrated into the multi sensors on one surface 
(quantum dots), and lysozyme and thrombin are conjugated with Cd and Pb quantum 
dots through amide bond, pre-loaded onto the immobilized aptamer surface. The 
metals in the complex are detected by electrochemical square wave stripping 
voltammetry [104].  
1.4 Aptamer sensor using molecular beacon 
Molecular beacon is a short nucleic acid probe with a hairpin structure, which has 
interesting properties. The early report by Tyagi and Kramer [105] has shown that the 
oligonucleotide is capable of spontaneous conformational change upon the 
hybridization of the complementary bases, and this change can be translated into the 
fluorgenic signal based on fluorescence resonance energy transfer. It is done by the 
addition of a sequence of 5-8 bases to its 5’ end complementing the number of bases 
to its 3’-end, which forms the stem part of the beacon. A flurophore covalently 
attaches to its 5’ end while a quencher is attached to the 3’-end as shown in Figure 
1-11. According to Forster theory, the efficiency of centre fluorescence energy 
transfer is inversely proportional with power of 6 the distance between the groups. 
Therefore, up to a certain distance between fluorescence and quenching groups, the 
fluorescence will be produced. In free state as a hairpin, the fluorescence and 
quenching groups are close [100](about 7–10 nm). When it binds to the 
complementary strand, the stem-loop structure is opened so that the fluorophore is 
moved far away from the quencher, hence a fluorescent signal is observed. The 
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structural change is based on the fact that the Gibbs free energy of the intermolecular 
strands is more negative than the stem-loop structure itself.  
Molecular beacon assays are both binding energy and distance dependent, and the 
concept is further applied to aptamer sensors, where both the binding and the distance 
dependent events are present. A short sequence can be added to the original aptamer 
at either end to form the stem with the calculated hydrogen bond energy less stable 
than the target-probe pair. The electrochemical signal is dependent on the distance 
between the electrified interface and the redox molecule. Both the transportation of 
the molecule and the electron would change accordingly in the presence of a target. 
The change in the signal is related to the amount of probe-target complex formation. 
                         
Figure 1-11 Example of a molecular beacon  [106]. The above stem loop sequence attached 
a quencher and a fluorophore at each end. When the stem loop structure is opened, the 
flurophore is fluorescent without the inhibition from the quencher.  
1.4.1 Quantum dot molecular beacon 
An example of using fluorescence and a quencher in aptamer sensor is reported by 
Levy [107], wherein the anti-thrombin aptamer is labelled with quantum dots, and the 
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complementary strand is labelled with the quencher. In the absence of the target, the 
quantum dots cannot fluorescent because of the close proximity with the quencher. In 
the presence of the target, the hybridized strand is effectively displaced and the 
fluorescence of QD increases at 1 µM thrombin. Since there is no quantitative data 
shown in the paper, the sensitivity of this method is unknown. Furthermore, the 
quenching or relaxation of QD are different from that of organic fluorophores.  
1.4.2 Naturally occurred molecular beacon structure sensor  
One example of molecular beacon aptamer is a PDGF aptasensor.[108, 109] It is 
fabricated via the self-assembly of an MB-labelled aptamer on a gold electrode 
surface. In the absence of a target, the aptamer is thought to be highly dynamic and 
partially unfolded, with only one of the three stems intact. Upon target binding, the 
electron transfer is more efficient, presumably because the aptamer forms a stable 
three-way junction holding the MB label close to the electrode surface.  
Similar work has done by the White and Ryan group [110], also relying on the 
naturally occurring conformational change anti-cocaine aptamer to detect the target. 
One end attaches to MB and the other end is thiolated to the gold surface. Alternating 
current voltammetry and chronocoulometry methods are applied to identify the 
relationship between the concentration of cocaine and the peak current. Furthermore, 
the study investigated how the probe packing density affects the current signal.  
The molecular beacon structure is not naturally present for most of the discovered 
aptamers. The modification of the aptamer into a molecular beacon for biosensor can 
greatly reduce the number of components on the biosensor surface.  
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1.4.2.1  Self-assembled monolayers 
Gold surface is widely used as a biosensor surface for several reasons: it is an inert 
metal, with excellent conductivity; more importantly, it can readily form the robust 
thiol-gold bond with the thiolated molecules. The term self- assembled monolayers 
(SAM) describes molecules in which one end has a special affinity to the substrate 
and there are additional stabilising lateral interactions. Examples include the 
assembling of alkanethiols spontaneously onto noble metals, a process which was first 
discovered in the 1980s, and in which the desired surface chemistry and organisation 
is achieved by placing thiolated molecules onto gold substrate, preferably on the Au 
(111) phase.  
As a first step, the sulphur donor atoms align strongly with the gold (typical bond 
energy 126 kJ mole–1 [111] and initiates the self-assembling process of the alkyl thiols 
on the gold surface. The respective bond between gold and thiol is non-covalent. A 
novel structure is formed in which each sulphur atom is bonded coordinatively with 
three gold atoms, resulting in a lattice spacing of 0.4995 nm (as compared to an 
unmodified gold lattice with a spacing of 0.2885 nm). Thiol groups are deprotonated 
(RSH + Au→RS – Au + e–+ H+).  
A typical alkanethiol monolayer forms the structure on gold with the thiol chains 
tilted approximately 30º from the surface normal. The bond association energy is 
184.1 kJ/mole 
A commonly used functions of SAMs is to assist the immobilisation of other 
molecules [111-113] [114], to change the surface properties and to displace the non-
specific binding of, for example, DNA to achieve the maximum density. [93, 115, 116] 
There is also the possibility for one thiolated molecule to displace another in a surface 
ligand exchange reaction [117]. 
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1.5 A generic aptamer sensor platform 
The Aptamer platform is a self-sustainable analyte measurement system, in which the 
biological target is recognized and measured. The reporting level corresponds to the 
binding activities for any aptamer-analyte combinations.  
The platform requires the following transferrable technologies: 
• Surface immobilization 
• Aptamer modification method  
• Bio-conjugation 
• Signal transduction method  
The aptamer sensor is specific to the structural information held within itself. This 
requires the structural knowledge of the aptamer, or even that of the aptamer-target 
complex to predict the change in the signal transduction event. A generalized strategy 
allows the secondary structure of the aptamer connected to a reporter molecule on the 
sensor surface to be readily used for analyte detection.  
1.5.1 Dual-function aptamer sensor platform  
The dual-function aptamer sensor platform strategy provides the opportunity to test 
any biomarker of interest, providing that the desired aptamer can be selected in vitro. 
More importantly, this technology does not require the immobilisation of the aptamer. 
In order to facilitate real time bioanalytical detection, micro-electro-mechanical 
system (MEMS) fabrication technology was applied in this study to construct a 
microneedle array as the platform for the aptamer sensor. As the microneedle array 
behaves in a similar manner to that of a hypodermic needle, the functional probe 
surface is in direct contact with the body fluid. This therefore allows the bio-
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recognition of the metabolite in real time as a genuine reflection of biological activity. 
The use of such a microneedle array omits the traditional sampling step and 
consequent delay, in which a set volume of blood is withdrawn from the patient and 
then placed onto the sensor. In centralized hospitals, the lag time between 
transportation of the sample and the review of the results can be a few days or even 
longer.  
Recognising the advantages of integrating sensor and microfabrication technologies, 
this study has been conducted to ensure compatibility between the systems./ For 
example, can the modified aptamer or enzyme be secured to the fabricated device 
robustly and can the reporter molecules be successfully measured using this platform? 
 
 
1.6 Electrode dynamics and electrochemical detection 
methods 
In order to understand the concept of electrochemical detection, a brief introduction to 
electrode dynamics and their effect on measured results is given below.    
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Figure 1-12 A simple mass transport model on an electrode surface. The reactant A is 
transported from the higher concentration in the solution (bulk) to the surface. The B is 
product as the result of the reaction on the electrode surface, which has higher concentration 
on the surface and moves into the bulk as the result of the concentration gradient. 
 
The three major processes for mass transport are diffusion, convection and migration. 
In the absence of the application of an external force to the reaction system, diffusion 
usually occurs until equilibrium is established as shown in Figure 1-12. 
1.6.1 Diffusion  
Diffusion results from a concentration gradient between the electrode surface and the 
solution; the maximized entropy will drive the species from the higher to lower 
concentration along the gradient within the system. 
According to Fick’s first law of diffusion, the rate of diffusion at a given point in a 
solution is dependent upon the concentration gradient at that particular location. 
Expressed as below. 
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Equation 1-1 Fick’s  law of diffusion 
                  
DB is the diffusion coefficient and is characteristic of the diffusing species and 
solvent. It has a unit of [length2 time -1], for example, m2/s. [B] is the concentration in 
dimensions of [(amount of substance) length-3], (mol/m3). 
1.6.2 Convection  
Movement due to convection occurs when the mechanical force is involved in the 
reaction solution system. Natural convection typically becomes a significant 
perturbation in electrolysis conducted with electrodes of size of approximate 
minimeter or larger on the time-scale of 10-20 seconds and longer. Furthermore, 
forced convection can be achieved, due to external forces such as gas bubbling, 
pumping reagent and stirring.  
1.6.3 Migration  
In the influence of an external electric field (dΦ/dx), the electrode/solution interface, 
because of the drop in electrical potential between two phases (∆Φm/s), is capable of 
exerting an electrostatic force on charged species present in the interfacial region, 
thereby inducing the movement of ions to/from the electrode.  
1.6.4 Distance dependent electron transfer kinetics  
Equation 1-2 Marcus equation 
                                             ∝ e

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The rate of electron transfer introduced by Marcus in Equation 1-2 posits that the 
probability of electron transfer from the donor to the accepter depends on the 
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probability for the outer shell electron to get over the activation energy and thus jump 
to a lower energy state in the accepter.  
                  
Figure 1-13 Marcus theory for electron transfer from one molecule to another. The transfer 
energy depends on the square of the distance that oscillated from the equilibrium positions of 
the nuclei. ∆G: free energy ∆E: activation energy, λ: reorganization energy and the Kb: 
Boltzmann constant  
In Figure 1-13, the horizontal axis represents the distance between the atom nuclei. 
The vertical axis represents the energy level. Hence, the energy depends on the square 
of the distance that oscillated from the equilibrium positions of the nuclei.  
1.6.5 Double layer theory  
The electrical double layer occurs at the interface of the solution and the surface of the 
electrode behaves like a capacitor formed at the single plate of the interface. It stores 
the excess charges with time when the electrode is held at a constant potential or 
swept from one to another potential. The excess charges are electrostatically balanced 
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between electrolytes and other charged molecules, such as redox couples. The two 
layers being the inner layer, for specifically adsorbed ions, with the outer layer as the 
diffuse layer.  Therefore, the total thickness of the double layer equals the total charge 
density from specifically adsorbed ions in the inner layer and the charge density from 
the diffuse layer, which extended from the outer layer to the bulk solution.  The 
thickness of the diffuse layer depends on the total ionic concentration in the solution 
[102, 118]. 
1.6.6 Electrochemical method:  
1.6.6.1 Cyclic voltammetry 
Cyclic voltammetry (CV) is a technique in which chemical reactions can take place 
when applying controlled potentials in order to characterise systems utilising the 
information obtained from the reaction cell. A potentiostat is an instrument, which can 
control the voltage across working and counter electrodes as well as maintain a 
potential difference between the working and the reference electrodes.  The voltage is 
ascending or descending in many steps of small stair cases. It resembles a good 
approximation of a continuous linear function of time, and the potential waveform is 
triangular due to the direction of the potential being reversed at the end of the first 
scan Figure 1-14.  The rate of change of potential with time is referred to as the scan 
rate (v).  This has the advantage that the product of the electron transfer reaction that 
occurred in the forward scan can be probed again in the reverse scan as the reactant. 
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Figure 1-14  A typical waveform of one scan in a CV experiment. The first triangle of the 
waveform represent an oxidation half cycle and the second a reduction half cycle.   
The technique can be used to find the mid-point potential, which is used to compare 
the theoretical redox potential to find out the diffusion coefficient and other kinetic 
parameters of the electrolyte. This is in addition to the numbers of electrons 
transferred during one complete scan, preceding or proceeding chemical reactions, 
Equation 1-3 Butler-Volmer equation 
The current may be controlled by the rate of electron transfer of the reactant and the 
rate of diffusion of the reactant to the electrode.  If the former is much faster than the 
latter, the availability of the reactant on the surface is limited by the diffusion 
coefficient of the species from the bulk solution [118]. 
In the Butler-Volmer approach in Equation 1-3 to current-potential relationship,        
e-αf(E-E0’) is the Boltzmann factor, which describes in this case the probability of 
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activation energy distribution at a constant temperature for the interfacial electron 
transfer. 
Therefore, the current is the exponential function of over-potential (E-E0’), and the 
oxidation/reduction peak current refers to the over-potential at which a maximum 
concentration difference of the oxidised and reduced species is present in the solution. 
 
Figure 1-15 The CV diagram for 1mM Ru(NH3)62+ in 10mM Tris-HCl buffer at 100 mV/s 
Ru(NH3)62+  ⇔  Ru(NH3)63+   + e- 
Consider a reaction in which the solution is unstirred. At the start of the experiment 
(A), the bulk solution contains only the reduced form of the redox couple 
(Ru(NH3)62+), and there is no net conversion of R into O at initial applied potential.  
As the potential approaches the formal redox potential, there is a net anodic current, 
which increases exponentially with potential.  As Ru(NH3)62+ is converted into 
Ru(NH3)63+, concentration gradients have set up both species in order for diffusion to 
take place. An example of the CV diagram is shown in Figure 1-15 
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Where ∆C (concentration change) is the difference between the CR (bulk) and the CR 
(surface).  At the anodic peak (B), the potential is sufficiently more positive than the 
redox potential of the reactant, so the Ru(NH3)62+  that reaches the electrode surface is 
instantaneously oxidised to Ru(NH3)63+ , and the surface concentration of  Ru2+ 
dropped. 
The current now depends upon the rate of mass transfer by diffusion to the electrode 
surface. As the potential increases, the ∆C is at its maximum value, the diffusion layer 
thickness (x) continues to grow. A typical value for diffusion coefficient, D,  is 5×10-6 
cm2/sec, so that a diffusion layer thickness of 10-4 cm2 can be built up in 1msec.  
Upon reversal of the scan (point C), the current continues to decay until the potential 
nears the formal redox potential.  At this point, a net reduction of O to R occurs which 
causes a cathodic current that eventually produces a peak shaped response (point D). 
The Randle Sevcik Equation 1-4 can be used to calculate the peak current for the 
diffusion controlled reversible reaction. 
Equation 1-4 Randle Sevcik 
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Other controlled potential techniques, including chronoamperometry, where the 
current recorded as a function of time.  The potential changes in steps against time as 
shown in Figure 1-16..  
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Figure 1-16. Controlled potential technique, in which the potential holds at one value for 
certain amount of time, and then holds at another potential, multiple steps can be carried out 
The current-time response produced in the diffusion controlled potential step 
experiment described in Cottrell equation in Equation 1-5. 
Equation 1-5 Cottrell equation  
                                 
2/12/12/1)( tDonFACi O pi=
 
This is derived from the flux of charges on the electrode surface written in terms of 
concentration gradient profile and current density. 
1.6.6.2 A.C. Impedance theory  
An electrochemical reaction cell can be transformed into a electrical diagram or an 
equivalent electronic circuit shown in Figure 1-18. Randles suggested that the 
impedance of the circuit contained both the diffusional component and the interfacial 
electron transfer factor. The Randles equivalent circuit model includes a solution 
resistance (Rs), a double layer capacitor (Cdl) and a charge transfer resistance (Rct) in 
parallel. 
Electrochemical impedance is a form of complex resistance, the current is measured 
by applying an alternating potential to an electrochemical cell. When a sinusoidal 
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potential is applied, the response is an alternating current, whose magnitude and 
directions are changing cyclically, resembling a sine wave  displayed in Figure 1-17. 
 
                              
Figure 1-17  Potential and current waveform over time. 
The phase shift of the waveform over time can be express using Equation 1-6 which 
obeys Ohm’s law.  
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Equation 1-6 Ohm’s law equation. w is the angular frequency (radians per second) 
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Figure 1-18  An equivalent circuit of an electrochemical cell. The resistance of the solution is 
presented as Rs. The capacitance of the electrical double layer on the electrode is presented 
as Cdl. The Rct is the resistance of the charge transfer. The Warburg impedance is presented 
as Zw.    
The total impedance, depending on the change of frequency, consists of two elements, 
an in phase Z’ and an out of phase Z’’ value  which is described in Figure 1-19. 
A Faradaic reaction consists of an active charge transfer resistance Rct and a specific 
electrochemical element of diffusion W (Warburg impedance), depending on the 
frequency of the potential perturbation in the circuit diagram in Figure 1-18 At high 
frequencies, the diffusion effect, for which the rate is slow in comparison to the 
frequency, is ignored. However, when a lower frequency is applied, slow changes in 
both potential and current allow time to observe the impedance from the diffusion and 
charge transfer. 
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Figure 1-19 A Typical Impedance Spectroscopy Signal from a DNA Modified Gold Sensor 
Surface 
1.6.6.3 Square wave voltammetry and its application 
Square wave voltammetry is another controlled potential technique. It is considered to 
be an improvement from staircase voltammetry because of its improved sensitivity 
and the short time scale needed to conduct the experiment.[119]It is considered to be 
an improvement from staircase voltammetry because of its improved sensitivity and 
the short time scale needed to conduct the experiment shown in Figure 1-20 [119]. 
The technique involves an amplitude differential technique in which a wave form 
composed of a square wave superimposed on a staircase is applied to the working 
electrode. Current measurement is made near the end of the pulse in each square wave 
half cycle and the difference between those two currents is displayed as a result. 
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Figure 1-20 A typical wave form in a Square wave scan. The wave form is a series of square 
waves, where the potential step increased gradually shown as the step height. The differential 
current in a waveform is equal to i(2)-i(1).  
1.7 Integration of sampling and detection platform 
Historically, the sampling of biomolecules and the diagnostic measuring of the 
molecules have been treated as two separate procedures. Hypodermic needles are used 
to extract body fluid, the content is then further separated, and from this content the 
target molecules are measured by laboratory analysis. Even the sample extraction and 
measurement as two steps is sufficient in most diagnostic cases, the main  
disadvantage being that the captured sample from a single point of time may not 
reflect the true biological conditions.  
Sample maintenance is important for obtaining the right information from the 
measured molecules. Inappropriate sample storage and transportation may distort the 
measurement results for short-lived bio molecules, ie, enzymes. 
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Integrated sampling and biosensor measurement offers possibilities for the continued 
monitoring of the biomarker. With the demand for real- time sampling measurement 
and monitoring such as POCT, integrated biosensors constructed for real time 
monitoring have been investigated for their potential applications such as glucose 
monitoring[121], free radical production in activated human glioblastoma cells [122] 
and ions uptake.  
1.7.1 Interstitial fluid vs. blood sample  
The key consideration for fabricating a sampling device is to acquire the robust 
mechanical strength as well as the desired length to penetrate into the epidermis. 
Invasive sampling is defined as breaking into the human epidermal cells in direct 
contact with lymph and blood circulation. Semi-invasive sampling is defined as 
penetration into the skin on a miniature scale usually in the region of µm. 
Sampling includes biological fluid, such as blood, lymph, interstitial fluid, saliva 
presents our local or systemic metabolism. Sampling takes place underneath the 
 
Cumulative 
Depth 
10-40 µm 
50-100 µm 
>100 µm 
Figure 1-21 A schematic drawing of skin layers[120]. 
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stratum corneum which is about 10-40 µm thick. The epidermis layer can be as thick 
as 100 µm or more. The interstitial fluid is collected from the bottom layer of the 
epidermis where the live cells are around stratum spinosum to stratum basale. At 200 
µm into the skin for blood sampling, it will reach the dermis layer where the blood 
capillaries and ends of sensory nerves are. A diagram of the skin profile is shown in 
Figure 1-21.     
Since invasive sampling carries for a higher risk local and systemic infection, which 
can be lethal in elderly and immune compromised patients, non-invasive devices have 
been developed since early 1990 with the advance of micro-fabrication technology 
aiming to create a micro-sized pore in the epidermal layer in order to obtain the 
sample.  
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Analytes Purpose of study Sampling method Blood correlation 
1  
Glucose, 
lactate, 
pyruvate 
and glycerol 
for adipose 
tissue 
 [123] 
Flow rate effects on 
the subcutaneous 
metabolites 
Implanted microdialysis 
with a semi-permeable 
membrane. The inflow is 
driven by a micro-
infusion pump. 
Similar trend to reach the 
maxi and decrease, lag 
time 20mins for the slowest 
flow rate, the mean 
maximum values varied at 
different flowing rate 
2  
Cytokine 
(TNF-α and 
interleukin-
1ß) 
[123] 
If pro-inflammatory 
cytokine response in 
interstitial fluid is 
different from that in 
serum 
Inserting dry three-
stranded nylon wicks 
threaded into a 6 cm 
long PE-160 catheter, 
inserted into skin 
incision. 
Concentration of IL-1ß in 
ISF much larger than TNF-
α (higher in serum), 
detectable amount of IL-1ß 
(confined in ISF) was found 
in ISF in controls. 
3  
Drug 
delivery 
[124] 
Measure flow rate of 
drug into skin during 
microneedle 
infusion 
A glass microneedle 
was inserted into human 
cadaver skin to measure 
the microinfusing 
sulforhodamine solution. 
N/A 
4  
Glucose 
[125]  
For monitoring 
glucose level in 
diabetic conditions 
Ultrasound used to 
enhance skin P  
Vacuum for transdermal 
extraction of analytes 
Predicted glucose values 
based on transdermally 
extracted glucose 
compared well with those 
measured directly in blood.. 
Glucose continuously 
measured in hind limb 
lymph by subcutaneous 
The time delay in hind limb 
to blood of dog is between 
5-12min. Simulation study 
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glucose sensor . the delay between ISF and 
blood is less than 5 mins, 
error is less than 6% 
5 
Composition 
of interstitial 
fluid 
[126] 
Compare with 
plasma 
concentration for 
standing and after 
10min supine 
Indirect measuring, 
suction blister 
formation/liquid 
paraffin/implantation of a 
perforated capsule or 
wick 
 
No haemoglobin, platetes 
and leukocytes presents, 
significant lower 
concentration of protein and 
albumin, slight lower in Na, 
P and CO2 
Table 1-4 Summary of analytes which have been studies in ISF. 
Firstly, the choice between sampling from interstitial fluid and blood is analysed. The 
interstitial fluid bathes cells and blood vessels, and its formation depends on the 
equilibrium between the hydrostatic and osmotic pressure of the capillary and 
surrounding area. The hydrostatic pressure is generated by the pumping force of the 
heart, which pushes water and small molecules out of the capillary. Therefore, the 
water is driven in from a hypotonic (ISF) side to the hypertonic capillary environment 
to balance the concentration difference. Additionally, the lymphatic system [127] 
plays a part in the transport of tissue fluid, which can pass into the surrounding lymph 
vessels, and eventually finishes by re-joining the blood. 
Apart from water, ISF generally contains other soluble small molecules, amino acids, 
sugars, fatty acids, coenzymes, hormones, neurotransmitters, salts, and metabolism 
waste products from the cell.  
The advantage of ISF is that unlike the blood, which usually needs centrifugation to 
separate different phases, the low concentration of macromolecules in ISF gives a 
relatively clear solution. Thus, the detection of small molecules is simpler, with both 
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higher sensitivity and precision. The exact content of the ISF varies from individual to 
individual [126], from one part to other parts of the body, and depends on one’s 
internal pressure balance, body and medical conditions. Hence, the filtrate itself can 
be a key indicator of the body's metabolism.  
The disadvantage of using the ISF is the low concentration of macro biological 
molecules, especially proteins, which are key metabolic function indicators. Also, 
given the filtration of the blood, the concentration of biological molecules is lower 
than that in the blood, requiring a sensor with higher sensitivity. A possible time lag 
within minutes during the filtration process is another issue for ISF testing.  
1.7.2 Invasive hypodermic needle vs. non-invasive 
microneedle sampling  
Traditional sampling is an invasive method intruding the blood vessel for sampling. It 
is painful and can cause local inflammation reactions, which are viewed as a danger to 
children and immuno-compromised patients.  
Instead of the hypodermic needles, nano and microneedle arrays have been developed 
using modern fabrication technology aiming for painless and minimally invasive fluid 
extraction as well as controlled transdermal drug delivery. With both the solid and the 
hollow microneedles available for such applications, the former format of needles 
Biomolecules coated solid microneedle platform is robust enough to penetrate the skin 
and deliver the en-coated material under the skin. On the other hand, hollow 
microneedles can transport drugs through the bore of well-defined needles by 
diffusion. The sampling platform has adopted the hollow microneedle structure for 
fluid flow. Synthetic oligonucleotides and antibodies are examples of the solid 
microneedle’s poke and patch into the skin as targeted drug delivery.  
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1.8 Non-invasive microneedle fabrication technology 
Different types of fabrication techniques are used for various levels of complexities, 
with different facility requirements and design compatibilities. The fabricated devices 
are made with precisions to the nearest nanometer, micrometer and so on.  
1.8.1 Standard photolithography strategy 
LIGA (Lithography, Electroplating and Molding) is often used to create a high aspect 
ratio structure. For instance, structures have a height of hundreds of microns against 
the lateral resolution of less than1 micron. They consist of X-ray and UV lithography. 
The former requires an X-ray source, typically synchrotron radiation. In this way, it 
extends the MEMS technology beyond silicon based materials, while the lateral 
precision can be less than50 nm typically. However, due to the high cost and 
inconvenience, silicon-based UV photolithography is commonly applied for structures 
that need less precision and have to be cost efficient.   
Deep ion reactive etching is the method to create the trench/slopes, consisting of dry 
and chemical reactive etching. Chemical etching is cheap and easy to use, but is 
controlled by crystal orientation, which restricts the slope. Physical etching by 
SF6/O2/CHF3 can create a high aspect ratio structure, but requires the purchase of the 
reaction ion etcher.  
Photolithography is the technique currently used for manufacturing microelectronic 
structures, which are based on a projection-printing system in which the image is 
reduced and projected onto a thin film of photoresist that is spin-coated on a wafer 
through a high numerical aperture lens system. The resolution R is subject to the 
limitations set by optical diffraction according to the Rayleigh Equation 1-7      
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Equation 1-7 Rayleigh Equation  
                                                           
ANkR λ=
 
Where λ is the wavelength of the illuminating light, NA the numerical aperture of the 
lens system, and k a constant that depends on the photoresist.  
Photoresist is a UV light sensitive resist tone, which is used to mould the shape of the 
device. It is used to shape the structure so that the one-dimensional design from the 
mask is transformed into a three-dimensional structure through a mechanical or 
chemical process. In this study, a chemical process is taking place and the material 
used to construct the structure is a light sensitive organic polymer called photoresist. 
Two kinds of photoresist are classified according to their chemical reactions towards 
the exposure to the light. When the organic positive photoresist exposes to light, it 
triggers the chemical reaction for the organic ring structure in the compound to re-
arrange itself, becoming an acid that will dissolve in the basic developer. On the other 
hand, the negative photoresist polymers will cross-link becoming insoluble in organic 
solvent, whereas the unexposed areas swell in the solvent and are washed away.  
The near UV photoresist used in the project is SU8. This photoresist can be as thick as 
2 mm and the aspect ratio larger than 20 can be achieved. Due to its high aspect ratio, 
under the UV exposure, the energy absorbed and distributed over the thick layer of 
SU8 is uneven. If the UV source is placed over the top of the substrate, a negatively 
sloped structure is achieved, because the top of the layer absorbs more UV energy 
resulting in more cross-linking reactions between the polymer molecules. Inevitably, 
the thicker the coverage of SU8, the steeper the slope it develops. Since more uncross-
linked SU8 at the bottom is dissolved in the developer.  
By utilising this characteristic, a thick photoresist, a positive slope is achieved while 
placing the resist adhered side of the substrate away from light source, the top of the 
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photoresist receives the least of exposure would have the most of the SU8 removed in 
the development step, this leaves a positive slope of the structure.  
The photolithography comprises several steps: first, the mask is designed, which 
decides the area of photoresist that can be exposed. This is then followed by cleaning 
the substrate, and the spin coating of the photoresist onto the substrate. The most 
important step is to align the mask with the substrate under the UV lamp exposure 
with the optimal time.  In the post-baking step, this strengthens the cross-linked 
chemical bonds formed upon exposure. In the end, the substrate is developed in 
chemical solvent to remove the non-cross-linked areas. The detail of the process is 
illustrated in chapter 5.  
The critical step in engineering the microneedle structure is to obtain the high-aspect 
ratio, which is the slope of the shank. Thus, the tip of the needle is pointing and sharp 
enough for penetration, while the bottom is sound enough to withstand the imposed 
mechanical stress.  
Various microfabrication techniques for engineering microneedles are found in the 
literature [124, 128-130].  
Solid microneedles are commonly used for delivery of drug molecules, the array is 
defined by standard microfabrication techniques [131], in which the wafer is layered 
with silicon dioxide and positive photoresist, after the photo exposure step, the 
squares are anisotropically wet etched in a solution of potassium hydroxide.[131, 132] 
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Figure 1-22 Solid microneedle fabrication method. a) Wafer spun with photoresist is 
exposed under UV light through a mask with desired pattern. b) Development step to 
remove the exposed photoresist. c) etch away the photoresist and unprotected silicon 
dioxide masking area. d) The wafer is anisotropically wet etched from the mask. 
To fabricate the hollow microneedles, one of the methods is to create the solid needs 
as described above (Figure 1-22), then using deep reactive ion etching in an 
inductively coupled reactive ion etcher [132], a type of plasma etching process in 
MEMS, to create arrays of holes through the silicon wafer. The tapered walls of the 
microneedles are formed by reactive ion etching around these holes.  
Different types of microneedles are summaries in Table 1-5. It shows the options for 
different materials, solid or hollow tips and the MEMS method. Some of the methods 
used such as X-ray LIGA and deep reactive etching are  
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Material photoresist Tips Method 
Silicon, metal 
And polymer [133] 
Positive and 
Negative 
Blunt, tapered[134], and 
Side opened cylindrical 
shaped [130, 135] 
UV-LIGA[136], X-ray 
LIGA, [137] 
electrodeposition, and 
electroplating 
Table 1-5 Different types of microneedles classified by material/type of photoresist/format 
of tips and fabrication method.  
not available from our lab facilities. Therefore, we consider to use the method 
developed by Kim [130] is illustrated in Figure 1-23.  
Earlier on, we have described solid/hollow microneedle fabrication using topside 
approach, ie, the photoresist faces the UV source light whereas the substrate is away 
from the light source.  
Backside exposure refers to placing the substrate upside down, with the photoresist at 
the bottom and the wafer on top, so that the UV exposure penetrates the mask onto the 
glass substrate first. The uneven exposure creates a slope in the thick negative 
photoresist layer. The process is demonstrated in Figure 1-23. This method is 
relatively simple in creating the slope in one-exposure step comparing to the 
anisotropically wet etching. The critical facilities required for the process was 
available in Institute of Biomedical engineering at the time. 
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Figure 1-23 backside exposure SU8 fabrication technique. The wafer is spun with positive 
photoresist and flood exposed to UV light, then a layer of SU8 is added. The whole structure 
is placed upside down under the UV light, with the alignment of the mask, the light penetrates 
the wafer first, and different depth of the SU8 receives different does of UV energy. This 
uneven energy exposure creates a SU8 slope after washing away the unexposed area. 
One of examples of microneedle sampling platform is described in Figure 1-24.  The 
device is made for glucose monitoring in ISF, it is disposable and self-calibrated, the 
enzyme was immobilised inside the channel, integrating via anodic bonding between 
silicon substrate and Pyrex glass. 
 The other example is a high aspect ratio tapered hollow microneedle with 
microfluidic male interconnector [138]. the fabrication was described by the same 
group [130] for back exposure of two SU8 layers and conformal sputtering with 
metals. Most importantly, it was described how chemically bonded microfluidic SU8 
parts formed a socket for the insertion of the needle array, with epoxy layer adhesion. 
PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com
86 
 
 
Figure 1-24 An example of glucose monitoring micro needles from [139]. It’s a 
microneedle based glucose monitor platform, which consists of a Pt counter, working 
and reference electrode. The glucose oxidase is immobilised upstream from the working 
electrode inside the flow channel. The diffusion barrier prevents the glucose diffusion 
from the calibration fluid into the dialysis fluid. 
The latter example demonstrated the possibility of inserting miniaturised sensor 
with high specificity and sensitivity to detect low concentration of molecules into 
one channel. 
 
1.9 Objectives  
The aim of this PhD project is to investigate and develop an affinity biosensor 
platform, which is potentially suitable as a point-of-care device. The feasibility of a 
regenerative affinity sensor interface is tested on the conventional fabricated 
electrode. In addition, a minimal invasive skin penetration platform is engineered to 
implement the established affinity sensor interface technology.  This means that the 
integrated device is then capable of diagnosing or delivering target molecules in vivo 
without the risk of causing inflammation and infection, leading to a point-of-care 
product.  
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The characterization of the affinity biosensor consists of three aspects. Firstly, to 
identify the suited probe-target pair and the sensor interface that can accommodate the 
probe.  Then, to apply appropriate techniques to extract the target of interest and 
transduce this event into the quantitative or semi-quantitative read-out. Finally, to 
optimize the experimentation procedures so that reliable and repetitive results can be 
produced.  
On the other hand, the procedure of engineering the skin-intruding solid needle array 
platform consists of the optimization of a suitable height aspect ratio for the pillar and 
the distance in between, with the introduction of the appropriate fabrication 
techniques to engineer the array. This is then encapsulated with a conductive metal 
layer and packed into a viable sensor. 
The objective of this project is to integrate the affinity aptamer biosensors into the 
point-of-care [140] diagnostic devices. In the aptamer electrochemical sensor, the 
aptamer probes are designed in a molecular beacon structure, Instead of a fluorophore 
and a quencher, one end of the aptamer is attached to a redox molecule and the other 
end is fixed onto the sensor surface.  The strength of the electrochemical signal is 
related to the aptamer-analyte binding activities 
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Chapter 2. Method and Material 
2.1 Introduction 
In this chapter, we describe the standard procedures used throughout the research, and 
concentrate on the methodologies used throughout this research, which are listed as 
the fabrication of conventional microelectrodes, electrochemical experiment setup, 
functionalisation of the oligonucleotide and its conjugation.    
2.2 Materials 
2.2.1 Reagent 
Most reagents used were analytical grade or above, unless otherwise specified, and 
purchased from Sigma-Aldrich. All experiments were performed using 18.2 MΩ 
water from Millipore system, Tris buffer was filtered twice using a 0.2 µm filtration 
disk. 
All oligonucleotides were purchased from Thermo-Fisher, and a design program 
Vector NTI was used to modify the existing aptamers and to calculate the number of 
hairpin structures.  
2.2.2 Equipment  
All electrochemical experiments were performed using a multichannel CH instrument 
103a and the supplied software for data analysis.  
Although the 8 channel potentiostat can be used to monitor and control up to 8 
independent experiments, all the work here was done in a single electrochemical cell 
using one counter and reference electrode by bundle the connectors, with the choice 
of multiple working electrodes. 
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2.2.3 Electrochemical cell  
Most of the electrochemical measurements were performed in a three-electrode cell; 
made up of a Ag|AgCl reference electrode, a platinum mesh counter electrode and a 
working electrode. 
2.2.4 Reference electrode  
The Ag|AgCl reference electrodes were obtained from CH Instruments and used as 
received. The electrode has a glass body with a glass frit at on end. The glass body 
contains saturated potassium chloride solution. The reference electrodes were tested 
for quality control purposes.  
Primarily, the test was performed to ensure that the quality of the AgCl film had not 
deteriorated and that the potentials being supplied in the cell were accurate. A small 
beaker with 3 M KCl was used as the electrolyte, along with a Saturated Calomel 
Electrode (SCE), to supply the reference potential. Both the test electrode and the 
SCE were dipped in the electrolyte and the potential across the two terminals was 
measured, using a pH meter. The expected value is 46 mV and measured potentials 
within ±10 mV of this value were considered acceptable 
2.2.5 Counter electrode 
A counter electrode is made from a platinum mesh obtained from Advent RM. It is 
then connected to a copper wire and sealed.  
2.2.6 Gold micro electrode fabrication  
The gold wire 250 µm in diameter used here was temper hard, purity 99.99% 
(Advent). Normally, the length of 3 cm of gold wire was attached with a small 
quantity of silver epoxy onto the silver plated copper wire, and then encapsulated in 
PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com
90 
an insulating body Resin Araldite MY750 and Aradur hardener from Robnor Resins 
(UK) (Figure 2-1). 
 
Figure 2-1 The reusability of encapsulated epoxy.  The left shows the polymer with the 
comparable softness as the gold electrode, following the polishing, only the cross-section of 
the gold wire was exposed. Wire is aligned with the insulting body. On the right, the re-used 
polymer was softened and polished faster than the Au wire.  
Encapsulation serves the purpose of improving mechanical robustness and electrical 
insulation, which depends on the quality of the polymerisation, adhesion to the gold 
wire, softness, thermal expansion and the swelling of the insulting material. Two 
polymers were tested in this protocol. After encapsulation, the epoxy was heated at 
60ºC for 1 hour.  
The first epoxy was purchased from Robnor Resins (U.K.) and used as received. The 
curing mixture was made using two parts resin and one part hardener. It was found 
that after a few uses, the polymer softened and became less adhesive to the gold. 
In the subsequent polishing steps, the polymer will erode and more of the electrode is 
exposed. This will be explained in more detail in the electrode polishing section.                   
The second epoxy was EpoTek 353ND purchased from EpoTek, and a new set of 
micro gold electrodes was prepared with EpoTek 353ND epoxy jacket. The epoxy is a 
USP Class VI material and stable for more than 200 wet autoclave cycles. There is no 
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filler and 353ND has a low ion amount, NH4+ 409 ppm and Cl- 329 ppm. The material 
provides a better support than common Aradite epoxy for at least two reasons. The 
353ND displayed good adhesion and hardness so that the polishing did not distort the 
gold-epoxy interface. The surface and edge were well defined. Secondly, there was no 
visible swell when 353ND was submerged in buffer solution for hours. In fact, the 
epoxy only swelled a little when it was merged with dichloromethane for a period of 
hours. 
2.2.6.1 Electrodes physical polishing 
For a freshly made electrode, physical polishing provides a clean and smooth surface 
to work with. The gold wire is polycrystalline. The gold is composed of crystals of 
various orientation and sizes. The polishing helps to manage the surface roughness 
such that the actual surface area calculated in the electrochemical cleaning should be 
close to geometrical surface area. 
It also serves the purpose of regenerating the used electrodes, physically removing 
layers of gold to which molecules are adsorbed.  
The wire was cut by a scalpel, the electrode with a rough surface was sectioned by the 
diamond saw, for which the blade was rotated at 500 rpm. 
This was followed by mechanical polishing, in which the surface of the electrode was 
polished successively with 1, 0.3 and 0.05 mm alumina (Al2O3) slurry on polishing 
pads received from Bueler and then sonicated in deionised water for 15 minutes 
between each polishing grade. This is to remove the particular grade of alumina.  
Wet cleaning in a strong oxidising agent, such as piranha solution, is also used 
occasionally. 
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2.2.6.2 Electrochemical cleaning and regeneration 
Electrochemical cleaning of the electrode further removes any adsorbed organic 
molecules and residual alumina; it also produces a reduced Au layer on the electrode. 
The electrode was placed in 0.5 M sulphuric acid and the potential cycled between -
0.5 and 1.5 V at 50 mV/S and held at the -0.5 V for 30 seconds (Figure 2-2).  
The features of the CV obtained from this procedure are as follows:           
Multi-step chronoamperometry treatment of the gold electrode was also used at its 
oxidation and reduction potentials (1.2, 0, -0.3, -0.8 V) for 30 seconds and repeated 
for 1000 times in 0.1 M phosphate buffer at pH 7.4. A CV was scanned between -0.15 
to 1.1 V using silver/silver chloride as the reference. The active surface area can be 
calculated from the reduction slope area [141, 142]. 
 
Figure 2-2. The electrochemical cleaning of gold electrode. The electrode is cleaned in 
sulphuric acid followed by phosphate buffer. The cleaning profile of a gold electrode 
dominated by (1,1,1) orientation 
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2.2.7 Oligonucleotide bioconjugation and purification 
2.2.7.1 Introduction 
The applicability of biosensor in vivo requires the signal transduction system acquired 
on the biosensor. For electrochemical sensors, it is therefore important to immobilise 
redox species on the sensor interface for sensitive, cheap and reusable sensor 
application.  
2.2.7.2 Oligonucleotide design and purchase 
All oligonucleotides with modifications were purchased from Thermo-Fisher.  
Usually, the SH group is connected at the 5´ end with 6 carbon linker, which is the 
shortest linker available. If the oligonucleotide is double modified, then the amine 
group will need to attach to the 3´ end.  
For the purpose of designing the sequences that can hybridise with the aptamer, the 
sequence analysis software Vector NTI (Invitrogen) was used. This can predict the 
free energy needed to form any secondary structure or inter molecular structure with a 
presumption of temperature, concentration of oligonucleotides, Mg2+ and NaCl 
concentration in a buffer. The hydrogen bond is about -0.5 kJ/mol for A to T base 
pairing and -6.05 kJ/mol for G to C pairing. 
2.2.7.3 Synthesis of Fc-OBt 
To a solution of 3 mmol of ferrocene carboxylic acid (Sigma-Aldrich) in 20 ml of 
Dichloromethane (CH2Cl2) and excess anhydrous N-Hydroxybenzotriazole (HOBt) a 
peptide coupling reagent at room temperature was added and stirred. After cooling to 
0 ºC, same amount of solid 1-ethyl-3-dimethyl-aminopropyl carbodiimide (EDC) was 
added to the mixture [143] referring Figure 2-3 
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2.2.7.4 The conjugation of ferrocene and oligonucleotide 
Short oligonucleotide (8 and 10 nucleotides) as well as the molecular beacon structure 
was covalently connected to the ferrocene carboxyl intermediate at the 3´ end of the 
sequence.  A condensation reaction the amine group of the DNA and the carboxyl 
group had taken place. 
10 nmol DNA-NH2 was dissolved in 0.5ml Na2CO3-NaHCO3 solution adjusted to pH9 
and added to a solution of 100 nmol of Fc-OBt in 0.1 ml THF and stirred at 0 °C 
overnight.  
It is important to separate the excess un-reacted ferrocene from the conjugated form. 
To achieve the goal, a series of precipitation and dialysis steps were carried out and 
validated. The details of the process and calculation follow. 
             
Figure 2-3. The two-step reaction in synthesis ferrocene conjugated DNA 
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2.2.7.5 The purification of ferrocene-oligonucleotides crude 
The sample was first dried under Vacuum (Speedvac) to evaporate the organic solvent 
and then re-dissolved in 100 µL H2O.  Immediately, 10 µL of 2 M sodium chloride 
was added to the DNA reaction mixture, followed by the addition of 5 µg of glycogen 
and 275 µL of 100% ethanol. The mixture was then incubated at -20 °C for 60 
minutes to separate DNA from the carbonate salt. The mixture was centrifuged for 10 
min at 10,000 rpm with the supernatant discarded. The pellet was then rinsed with 70% 
cold ethanol and dried under vacuum. The DNA was re-dissolved in 100 µL H2O to 
perform the second separation where to remove the less soluble chemicals, mostly 
ferrocene carboxylic acid and ferrocene-HOBt intermediate an equal volume of 
chloroform added. Mixing well, centrifuged for 15 minutes at 4°C, the upper phase 
was kept, and the lower organic layer was discarded. The procedure was repeated 
three times to ensure the organic waste has been removed. 
The sample was then analysed from 560-240 nm to estimate the concentration by UV 
Spectrometer (Beckman).  A sub-mico disposable plastic UV/Vis cuvette was used for 
a sample of DNA. The minimum filling volume was 70 µl. A blank sample of water 
was taken as the baseline (the absorbance is set at nil).   
2.2.7.6 Dialysis  
In the last step, the short oligonucleotide(size around 1.5 KDa) was dialysed using a 
1K cut-off Microdispodialyser from Harvard apparatus for sample volume size of 5-
100µl to remove more free small chemicals as well as performing the buffer 
exchange. The membrane of the microdialyser tube was wet with water. As the 
sample was located inside, the tube was inserted into a float and placed into a 1 litre 
beaker contains 1 litre solution comprising 10 mM Tris buffer at pH 8 (the volume 
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ratio of buffer bulk to sample is 1000) on top of a magnetic stir. The convection of the 
buffer assisted the rotation of the dialyser to facilitate the exchange process. After 
consecutive dialysis of three times, each lasted for 2 hours with a fresh buffer, the 
dilution factor reached 109. 
For the hairpin structure of the modified aptamer (length around 50 bps), a 2K 
MWCO Slide-A-Lyzer dialysis cassette was used instead of microdispodialyser. This 
cassette can hold up a volume of 0.5 ml.  The membrane of the cassette was wet and 
allowed water molecules into the cassette to balance the pressure. The sample was 
injected into the membrane by a 0.5 ml needle. Repeatedly, the cassette was inserted 
into a float and dialysed as described above. The volume ratio of the bulk buffer to the 
sample was 200. This achieved a dilution factor of 109 after five dialyses.  
The initial molar ratio of ferrocene carboxylic acid to DNA was 50 to 1. Each dialysis 
was carried out at room temperature for two hours and the osmotic equilibrium should 
have been reached across the membrane. The ratio could reduce to as low as 5×10-7 
after three dialyses. As the result, the concentration of the free ferrocene should be 
negligible given the initial concentration of ferrocene being 200 µM. For the ferrocene 
final concentration, it should be less than 0.2 pM in the stock. In each immobilisation, 
the maximum volume of the ferrocene oligonucleotide on an electrode was 15 µl, 
therefore the maximum amount of ferrocene on the surface would be 3×10-15 mole. 
The limit of detection for the CH potentiostat is 1 pA, which corresponds to 1.6×10-14 
mole of measurable redox chemicals. Hence, the risk of free ferrocene interfering 
should be low. 
At the end dialysis, the concentration of oligonucleotide measured by OliGreen 
fluorescent method is around 2 µM and the final volume increases to around 2 ml. 
Given the starting DNA amount, 10 pmole, the yield is 40% after the purification.  
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The stem-loop structure was immobilized via thiol bond with Au surface at pH9-10 to 
reduce the formation of dimmers. After 24 hours, the sensor was transferred to 10 mM 
of thiomalic acid (MSA) for blocking non-covalently bonded surfaces as well as for 
providing an acidic pH environment for the reformation of the intramoleuclar 
structure. 
2.3 Methodology  
2.3.1 Aptamer displacement assay  
2.3.1.1 Apparatus set up for the displacement aptamer assay  
The sensor electrodes were characterised in a small glass compartmented apparatus. 
The major chamber held the reaction buffer for the titration assay and the other 
branched chambers held a reference electrode and a counter electrode. The Ag/AgCl 
reference electrode from CH Instrument was connected to the main reaction 
compartment through a narrowed glass channel. When the glass apparatus was filled 
with an assay solution both the solution connected both sensor electrode in the main 
chamber and the Ag/AgCl electrode in the reference chamber. The total volume of 
assay solution in a titration in a glass apparatus was 5 mL.  
The volume was chosen to prevent the dilution effect of added sample portions in a 
titration. A typical portion is 50 µL and the dilution after the addition is 1% of the 
total. The target concentration was increased from low to high. At the end of titration, 
the total volume should not be more than 10% of the original, i.e. 5.5 mL. If more 
targets were needed after the volume reach 5.5 mL, a portion of the well-mixed 
reaction solution was removed to keep the final volume about the same. To serve this 
purpose, homogeneity of solution was necessary at each addition. A small stirring bar 
was placed in the main chamber, which was driven by a magnetic stir plate. After 
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each addition of target portion, the stir-plate was turn on at 100 rpm for 1-2 minutes. 
The solution convection might have changed the reaction kinetic on the sensor surface 
due to the increased mass transport of the solute bulk or altered organisation of the 
field of the aptamer-ferrocene oligonucleotide complexes. The electrochemical 
measurement was not started until the stir plate was off. As precaution of possible 
convection effect on the CV and SWV, a blank titration was done where only 50 µl of 
assay buffer was added in the assay solution in the apparatus. The solution in the main 
chamber did not stand still immediately after switching off the magnetic stirrer. 
However, there was no observed change of CV or SWV. This volume added in the 
blank titration was removed before lysozyme titration.  
2.3.1.2 One step surface immobilization  
The 30 µL of the mixture of diluted aptamer at 2 µM and purified ferrocene-L1 at 2/ 
2.4/3.6 µM in 10 mM Tris was denatured at 70°C for three minutes, eliminate 
secondary structures of the DNA, it was then cooled on ice. The cleaned electrode 
was then placed into the DNA tube and sealed with the parafilm. With 24 hours of 
incubation, the tube was kept at a humid chamber to prevent evaporation. The 
electrode was rinsed with dH2O for several times before being placed into a tube 
containing 10 mM thiomalic acid for three hours. This continued until the measured 
faradaic current of the electrode in buffer was negligible, since thiomalic acid 
displaced non-specific adsorbed oligonucleotide molecules.  
2.3.1.3 Two- step surface immobilization  
After the sonication cleaning of the polished gold electrodes, they were air-dried and 
their surface integrity was confirmed under microscope. One electrode was placed in a 
microtube which held 15 µL of 2 µM aptamer. Secondary structure or inter-molecule 
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hybridized aptamer was reduced by denaturation at 70 ºC for three minutes before fast 
cooling on ice. Placing the electrode into the DNA Eppendorf tube, it was then sealed 
with parafilm.  The incubation was for twenty four hours at room temperature in a 
humid chamber. Following the immobilisation the electrode was washed with water 
and then hybridisation buffer. (10 mM Tris, 100 mM NaCl, pH 7.4) Then the 
electrode was placed in a new micro tube, which held 15 µL of 2 µM ferrocene-L1. 
The whole assembly was sealed with parafilm then heated to 60 ºC for 2 minutes. The 
electrode was left in the micro tube, while the tube was being cooled at room 
temperature. The hybridisation lasted three hours. After hybridisation, the electrode 
was rinsed by water. The blocking was done by putting the electrode into 10 mM 
thiomalic acid for three hours. The extent of blocking was confirmed by running CV 
on the electrode with sweeping range from 0 to 0.5 V at 50 mV/second scan rate.  
2.3.1.4  SAM  layer  
Besides the use of thiomalic acid as a surface assembly layer to block the gold sensor 
surface, butanethiol was also used for the same purpose. 1, 10, 50 and 100 mM 
concentrations of butanethiol in 100% ethanol were tested in a ventilation hood for at 
least one hour.  
The butanethiol received from Sigma-Aldrich was handled in the following manner. 
Firstly, 5 and 1 ml of ethanol was dispensed into two beakers. In the fume hood, 50 
µL of butanethiol was added into 5 ml of ethanol to the final concentration of 100 
mM, then 10 µL of 100 mM stock into the 1 ml ethanol to the final concentration of 1 
mM. Electrodes were immersed in the 1 mM butanethiol for 30 min. They were then 
taken out and rinsed in water for several times. Reaction buffer contains Tris buffer: 
10 mM Tris-HCl, 2.5 mM MgCl2 and 100 mM KCl solution  
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After the titration experiment, the electrodes are first immersed in 1 M HCl for 30 
minutes and then 10 mM NaOH for 20 minutes at 60 ºC. Then the electrodes were re-
immersed in buffer.  
2.3.2 Aptamer hairpin sensor method 
Anti-lysozyme was modified at both ends to form a stem-loop structure with the 
predicted stem of 7 bps. (For details see chapter 4).  
The immobilisation method was essentially the same as the one-step immobilisation 
method for the short oligomer, with the electrodes immersed into the 2 µM modified 
aptamer solution. Similarly, SAM layer-either 10 mM MSA in H2O or 1 mM 
butanethiol in 100% ethanol was immobilized on the sensor surface  
2.3.3 Dissociation constant determination by Surface plasma 
resonance 
Surface plasma resonance (SPR) is a phenomenon that occurs when the light is 
reflected off at a metal thin film. A simple diagram depicts the basis of SPR detection 
is in Figure 1-2. BIAcore is a commercial instrument using SPR technology to 
investigate the binding kinetics between two or more sets of molecules.  The incident 
light beam at a particular angle is able to interact with the delocalised electrons in the 
metal film thus reducing the reflected light intensity. In BIAcore system, the 
interaction occurs in the flow cell on a sensor surface, so that the polarised light into 
the prism underneath the sensor changes the reflection intensity accordingly.  
When the target molecules in the solution (mobile phase) bind to the surface, the 
refractive index of the local immobilised interface changes, which in turn leads to a 
change in the reflection angle. This means that intensity of reflected light monitored 
has changed, and thus a sensogram is produced.  
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The thiolated aptamer in 1 time PBS buffer (2 µM solution) was immobilised on gold 
chips (BIAcore sensor chip). For each immobilisation experiment, five consecutive 
injections were performed with a flow rate at 2 µL/min. 
The channels were cleaned by the standard washing (dH2O, NaOH, dH2O, acetic acid, 
dH2O) procedure. 
One PBS buffer at pH 7 was used to wash the channels prior to and in between 
experiments. The flow rate was controlled at 2 uL/min. Lysozyme at a series of 
concentrations was prepared from 20 nM to 20 µM. 
The dissociation constant (Kd) was determined from the graph of response vs. 
concentration of lysozyme, and the concentration corresponded to the half of the 
saturated response was the Kd value.  
2.3.4 ssDNA concentration measurement  
Quant-iT OliGreen ssDNA reagent is an ultra-sensitive fluorescent nucleic acid stain 
for quantitating oligonucleotides and single-stranded DNA (ssDNA) in solution.  
The most common used technique for measuring oligonucleotide and ssDNA 
concentration is the determination of absorbance at 260 nm (A260). The interference 
can be caused by the contamination in the preparation step, such as the residual of 
organic solvent. 
A low range standard curve, a 100 ng/ml of the purchased aptamer (ferrocene-L1/L2, 
modified hairpin structure of anti-lysozyme) stock in 10 mM Tris buffer, 100 mM 
NaCl buffer was prepared, 100 µL of working solution of Quant-IT OliGreen reagent, 
which was diluted two hundred times in the same 10 mM Tris buffer. Then it was 
added to each well in addition to an empty one which functioned as the blank.  
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The solution was mixed well and incubated for two to five minutes at room 
temperature and protected from light. The sample was then placed into a fluorescence 
microplate reader and wavelengths for excitation at 480 nm and emission at 520 nm 
were used.  
The sample of unknown concentration was diluted as follows (Table 2-1 and Table 
2-2), with the triplicate of each point made and the reading taken as the average of the 
three.  
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Volume of Tris 
buffer (µL) 
Volume (µL) of 
100ng/ml stock  
Volume (µL) of 
diluted OliGreen 
Reagent  
Final oligomer 
concentration 
(pg/mL) 
0 100 100 50,000 
90 10 100 5000 
99 1 100 500 
98.8 0.2 100 100 
100 0 100 0 
Table 2-1 The dilution protocol used for the standard curve. 
Points Dilution factor 
A 500 
B 1000 
C 5000 
D 10,000 
E 25,000 
F 50,000 
G 200,000 
Table 2-2 Sample of unknown concentration dilution.  
2.3.5 The aptamer dissociation energy  
We use the Gibbs free energy equation to calculate the free energy of dissociation, 
and we assumed the temperature to be 300 K. The Kd is either a known number from 
literature, or in the case of design the complementary short oligonucleotide and 
attaching the molecular beacon, the Kd is a simulated number from the Vector NTI 
software, with the choice of the parameters including temperature, mono  ionic  
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concentrations, aptamer concentration and magnesium ion concentration. The 
relationship between of dissociation constant and free energy is express as below. 
Equation 2-1. Kd calculation using free energy change  
 = 
∆

 
2.3.6 Electrochemical Methodologies  
Electrochemistry is the study of the reactions of chemical species involving the 
electron transfer at an electrified interface.  
Cyclic voltammetry is the one of the most powerful electro-analytical techniques to 
study the mechanism of heterogeneous redox reactions. This functions when the 
potential is swept in a linear ramp, in both the forward and reverse directions, between 
two switching potentials (E). 
The reactions carried out in this project traced a single step electron transfer reaction. 
In solution ferro/ferricyanide was used and on the surface was ferrocene/ferrocinium. 
All measurements were performed in a Faraday cage made in house from aluminium 
sheet purchased from Farnell.  
2.3.6.1 The cyclic voltammetry of solution ferrocyanide 
Freshly prepared ferrocyanide solution in 100 mM KCl was swept from 0 to 0.5 V 
against Ag/AgCl, then swept back to 0 V completing one cycle. Two cycles are 
normally done to average out the difference in the half cycle. The scan rate varied 
from 10 mV/s to 1000 mV/s. The sample interval was set at 0.001 V, and determines 
the number of data points needed.  
The equilibration period is defined as the time period used, held at the starting 
potential 0 V. It is normally set at 10 seconds to ensure the ferrocyanide remained in 
the reduced state.  
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2.3.6.2 Cyclic voltammetry of surface ferrocene  
In this procedure, because the ferrocene molecule had been exposed to the air 
overnight, the surface ferrocene molecule was kept at the reduction potential. This 
was achieved by  
Typically in the range of -0.2 to 0.5 V, the equilibration time is adjusted to be 100 
seconds as pre-determined by the amperometry i-t curve.  
In the amperometry i-t curve, the electrode with the surface bound ferrocene was held 
at -0.2V for 500s. It was observed that around 100s, the surface reaches equilibrium as 
the current was kept at constant.   
The reaction was swept from the reduction side for two cycles, and the area under the 
oxidation/reduction peak with the total charges underwent the electron transfer 
reaction.  
2.3.6.3 Square wave voltammetry 
The experiment was performed in the same electrochemical cell as was used for the 
CV. The parameters were set as follows: the scan rate was in the range of 1- 100 Hz, 
with ferrocyanide in solution, the initial potential was more negative than the 
reduction potential, at 0 V vs. Ag|AgCl reference electrode, swept to 0.5 V. Finally, 
the incremental potential was optimized to be 0.002 V and the amplitude of the 
potential step was 0.025 V. The quiet time was 10 seconds. 
With the surface bound ferrocene molecule, the scan range was set from -0.1(-0.2 V) 
to 0.5 V and the quiet time was prolonged to 100 seconds to ensure the surface 
ferrocene was largely stayed in a reduced state.  
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2.3.6.4 A.C.  Impedance  
Using Potentiostat that has a built-in A.C power supply, 10 mM of both Fe(III) and 
Fe(II) was added into the Tris buffer solution with 100 mM KCl. The potential holds 
at 0.25 V throughout the experiment, and the frequency range applied from 10000 Hz 
to 0.1 Hz. 
2.3.7 The MEMS fabrication methodologies 
The complete fabrication process is described in the process flow chart (Figure 2-4).  
       
Figure 2-4. The end-to-end process of microspike fabrication.  
2.3.7.1 Mask design  
We tested four different diameters ranging from 20 µm to 50 µm with on average the 
inter-spike distance of 100 µm. The design program used is Wavemaker, a screenshot 
of the mask is showed in Figure 2-5. In which, we can see the alignment to align the 
substrate with the mask.  
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Figure 2-5. Array of circles is used to define the diameter of the spike.    
 
2.3.7.2 SU8 layer spinning 
Following the SU8 spin coating protocol, a spin speed of 2000 RPM should produce a 
25 µm thickness layer as the height of spikes. When spinning speed decreased, the 
layer becomes thicker, although the rate of change in layer thickness decays with the 
increase in speed as showed in Figure 2-6 .  
 
Figure 2-6 SU8 spinning protocol from Microchem manual.[110] SU8 spinning protocol from 
Microchem manual.[110] 
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To achieve a thick layer of SU8, the distance between UV light source and the  SU8 
layer is larger, and therefore less energy is travelled to the bottom of the SU8 layer. 
Backside exposure developed by Kim [130] is defined to turn the SU8 deposited 
substrate upside down during the exposure step so that the glass is facing the light 
source while the substrate is away from the light. The spikes receive the most 
exposure with the physical distance closest to the UV light, and the least energy is 
received at the bottom.  thus more SU8 was then retained after development close to 
the glass, creating a negative slope from the exposure. To ensure the extended 
exposure has crossed the whole SU8 layer, the exposure energy used 500 mJ for 56 
µm thickness, and 1000 mJ for the 106 µm. Hence, the difference in receiving the 
exposure energy caused the bottom area of the SU8 spike to be bigger than the top, 
which in turn affected the inter-spike distance.   
2.3.7.3 Fabrication of microprobe array 
The microspikes were fabricated using method reported by Kim et al (Insert 
Reference). A commonly used negative photoresist called SU-8 polymer was used for 
the microfabrication. Microprobe arrays were fabricated to have over 1000 needles 
varying from 56 µm to 100 µm in length and from 15 to 30 µm diameter at the tip. An 
SU-8 mesa was formed on a Pyrex glass substrate and a 2nd SU-8 layer was then 
deposited on to the 1st SU-8. When exposed to UV, SU-8's long molecular chains 
cross-link, causing the solidification of the material. An array of SU-8 tapered pillar 
structures, with angles in the range of 3.1◦–5◦, was formed on top of the SU-8 mesa 
structure. This was followed by a conformal electrodeposition step involving 
sputtering of metal (gold or platinum). Figure 1 shows the fabricated microprobes. In 
order to lower the resistance of obtained material, an additional, uniform layer of 
platinum or gold was deposited electrochemically on the microprobe array.  
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2.3.7.4  Electroplating platinum on microspikes 
Electro-deposition of platinum on the microprobe array was conducted in the three-
electrode cell from 8mg/ml potassium platinum(II) tetrachloride K2[PtCl4] solution.  
Electroplating of platinum was carried out by using 1 cycle of a three potential 
sequence consisting of first 0.3 V for 20 seconds, second -0.07 V for 0.1 seconds, then 
0 V for 1000 seconds.  
2.3.7.5 Electroplating gold on microspikes 
Electrochemical deposition of gold was performed using a conventional three-
electrode configuration, namely Au microspikes as working electrode, platinum gauze 
counter electrode and a Ag/AgCl reference electrode. For electroplating commercial 
full bright cyanide free gold plating solution (Gold ECF 60) containing 10 g/L gold 
(pH= 9) (Metalor) . The Au layer was deposited under potentiostatic conditions. 
Electro-deposition was carried out by using 12 cycles of a three potential sequence 
consisting of first 0.3 V for 20 seconds, second -0.6 V for 0.1 seconds, then -0.5 V for 
800 seconds.   
2.3.7.6 Metallisation 
It is essential to put a metal layer on the SU8 structure for the ultramicroelectrode 
construction. This was carried out using both physical and chemical methods. 
Physically, the metallisation used here are sputtering and evaporation processed 
through a vacuum coater, while chemical electron deposition is done via 
electrochemical measurement using a potentiostat.  
A seed layer of metal was deposited by the sputtering method. We used radio 
frequency planar magnetically assisted sputtering. The machine uses radio frequency 
rather than direct current as this offers the possibility of sputter insulators. The reason 
PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com
110 
for magnetic fields is that they decrease the mean free path of electrons in the 
discharge so that more ions are produced without increasing the gas pressure in the 
system.  
One of the most commonly used methods to metalize glassy or plastic substrate is that 
of the electron gun, sputtering the high energy electron beam onto the substrate. This 
creates a conformal coverage, because the electron of the metal target bombards in all 
directions on the target. In contrast, vapour deposition is a unidirectional metal 
deposition process; only one dimension on the surface will be metalized.  
In this project, the amorphous metal is sputtered onto the negative photoresist SU8. 
The sputtering yields different deposition rates for different substrate materials, metal, 
alloy and insulators.  
Although the substrate is completely metalized with the seed layer metal, the intrinsic 
resistivity is high because of the low conductivity of the titanium. The conductivity of 
titanium is about 3% that of copper. A conductive layer must be put on top of the seed 
layer. There are at least two reasons for using gold as the conductive layer. Gold is 
known to be rich in electrons, next to silver. However, gold is chemically much more 
inert than silver in a reaction.  
We have tried to sputter gold on the SU8 substrate. A gold metal piece of 1 mm thick, 
75 mm in diameter was bonded to a 3 mm thick copper with conductive silver paste to 
fit the target holder. The holder has a limitation of target size from three to six mm. 
The chamber pressure during sputtering was 2×10-2 mbar. The deposition lasted 
between twenty minutes to one hour.  The thickness of the deposition was verified by 
X-ray reflectivity analyses to be 2000 nm in average.  
However, there was a cost issue in using the sputter method. Later metallization 
batches were carried out by a physical evaporation method. The process took place in 
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high vacuum at 1×10-6 mbar, using the same coater. Gold was physically evaporated 
onto the seed layer at 180 ºC rotation over three times. The advantage of the method is 
in the purity of the gold layer. There is less contamination from the chamber’s 
residual atoms. The disadvantage of this method is non-conformal coverage. The 
movement of the atoms after evaporation follows a “line of sight”, and there are 
shadows on the substrates with 3D features. Rotation of the substrate was to 
compensate for the shadow effect.  However, it still produced higher resistance than 
the sputtering method. These are due to the cylindrical shank of the spike. The 
microscopic observation was confirmed by a semi-conductor curve tracer.   
Secondary metallisation by electroplating 
Both evaporation deposition methods produced high impedance, which would cause 
noisy measurements in electrochemistry. A second metallization step by 
electroplating was developed in order to reduce the electrical resistance in the later 
design. Electroplating involves the reduction of a soluble metal ion to a solid metal, 
and through this process a thick metal layer is achievable. The cathode is where the 
electrons flow into the object to be plated. Metal ions accept the electron at the 
cathode and the reduced metal atom deposits on the electrode surface. The system is 
easy to setup and the cost is much lower than the evaporation method. However, 
current density and voltage control are not controlled in a cathode-anode arrangement. 
In order to avoid this issue, a three-electrode electro-deposition system was adapted. 
The arrangement consists of reference, counter and working electrode. The 
potentiostat maintains the potential difference between the reference and the working 
electrodes.  
As the potential is applied in a controlled manner, the potential region for the 
electroplated metal reduction is identified. The applied potential was more negative 
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than the reduction potential needed to ensure sufficient energy driving the reaction. 
The effects of the hydrogen reduction can be reduced if the reaction is at higher pH 
value.  
2.3.7.7 Device package  
After the metallisation, regions other than micro spikes were insulated to fit into UME 
requirement. The whole substrate was diced into smaller pieces and a thin wire was 
bonded to each piece before insulation. The contact is a connected fragment of wire, 
to be used in voltammogram measurement. The connection was established using 
silver epoxy EpoTek 20E and insulated by 353ND after curing. Insulation covered 
valley areas and faulty spikes on the substrate. During the process, damaged spikes 
were also covered. In the early stage of the method development, the insulation was 
carried out by manual coverage under a microscope using a fragment of hair-thin 
wire. Initially, intensive labour method was used in the manual process to make 
inactive the non-viable patches on the metalized surface. Epoxy compounds, EpoTek 
353ND and 70E were used for their adhesive properties and chemical resistance. 
Epoxy application was carried out using a 75 µm copper wire between spikes. For the 
area between two spike islands, a 250 µm wire was used. We were better acquainted 
with the curing property of the epoxy compounds after a few tests using manual 
application. Spin coating was used later for better control of layer thickness, as shown 
in Figure 2-7. The epoxy avoided the taller structures. The process consists of a single 
step spinning of the non-spike areas. Upon curing, the material is highly resistant to 
solvent attacks for a period of time. It offered the advantage of negative resist without 
the multiple steps involved. It remained in working condition at room temperature for 
two days.  
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Photoresists were also tested for insulation. The minimal thickness that can be 
achieved is 1 µm for the standard positive resist AZ-5214E and 2 µm for the negative 
resist SU8 10. The protocol greatly reduces the manual intervention in assembling the 
device. The downside of the method was that the area around the resist dispense point 
was sacrificed.  
Figure 2-7 The spinning profile for resist coverage 
Due to the vacuum applied to the substrate, the resist would cover most of the shank 
in the centre of the substrate, and gradually decrease the depth coverage of the 
substrate. This coverage profile was confirmed with subsequent surface resistance 
measurement. The monomers of the positive resist were sensitive to the organic 
reagent. This could be washed away in an organic solvent. When the device tested the 
solution, the photoresist was peeled off during the course of the reaction. The method 
is not suitable for the insulation purpose.  
The negative resist application involved multiple steps including exposure. The resist 
monomers cross-linked after the UV light exposure and became insoluble in the 
developer solution. In order to have spots where the negative resist is preferably not 
covered for electrical contact point, a film mask with 4 of 1 × 1 mm2, which are 2 mm 
apart from each other, is applied. The fabricated device produced a robust cross-
linked polymer. However, more process steps were needed. As a result, it complicated 
the process with the reserved areas for wire connections. 
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2.3.8 Glucose sensor construction 
The first generation of biosensor was prepared on platinum microspikes. Glucose 
oxidase (GOx) was entrapped in a polymer film made of diaminobenzene (1,3-DAB). 
GOx oxidises glucose, producing hydrogen peroxide. This is then reoxidised by an 
applied potential. The measured current flow is proportional to the glucose 
concentration. A second method involved a self-assembly monolayer on the gold 
surface made of MPA/MUA. The method produced much better results in term of 
glucose titration. GOx was attached to the surface via carbimide reaction to the 
tetrathiafulralene surface with Nafion. 
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Chapter 3. Aptasensor Platform I：Displacement 
assay 
3.1 Introduction 
We have constructed an aptamer sensor platform using the principle of displacement 
assay. According to this principle, the aptamer is associated with another sequence of 
oligonucleotide, and this is then destabilised by the capture of the analyte by the 
aptamer.  This shift resulted in a change in the signal transduction pathway for the 
reaction centre on the sensor. As the signalling parameters are altered, the difference 
in the signalling can be used as a surrogate for the presence of the target.  
In this scenario, the sensor specificity is defined as the technology used to engineer 
the sensor, and can only be applied to the aptamer as the recognition molecule. The 
process of identifying a suitable aptamer as well as the manufacture generally cost 
less than other affinity binders, e.g., the monoclonal antibodies. It is feasible to 
develop a platform for a sensor-using aptamer technology, if the same techniques can 
be used to engineer the sensor device. This includes the methodology of engineering 
the reporter molecule, signal transduction and analysis remains unchanged while a 
different aptamer is used. 
There are also occasions when the target binding and signalling are chemical reaction 
specific to the analyte, such as oxygen detection using titanium oxide to measure the 
change in the electrical resistance, and it is an engineering challenge to transform that 
analysis method for other targets.  
3.2 Platform Technologies 
Cost and time are both important in production and technology development. This is 
particularly true for technology intensive products such as a biosensor. The 
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unpredictable nature of even the state-of-art biochemical science causes difficulties 
with spending control and project planning. If each aptasensor requires its unique 
research and development technology, this would not be favourable in terms of time 
and cost factors. The ideal sensor platform should have the sensing elements share the 
same signalling connection to the device hardware while each binding element is 
designed with target specificity. Hence, we argue that aptamers that share the same 
screening, production, fabrication and signalling technologies are one of the best ways 
to optimise the production of a variety of biosensors. 
One of the platform technologies uses the redox properties of ferrocene extensively in 
electrochemical sensor as the signalling compound. One commercialised sensor 
example is the diabetic diagnostic device, a glucose sensor, in which glucose oxidase 
provides the specificity and the ferrocene acts as the signalling mediator reporting the 
oxidation of glucose in a blood droplet. Another successful story of the application of 
platform technology is the lateral flow strip. The basic construct of a lateral flow strip 
consists of three capture antibodies. The specificity of the sensor is provided by a 
primary target capture antibody, which may carry colour-coded beads. In the presence 
of the target, a sandwich structure is formed, and comprises immobilised antibodies, 
targets, and primary antibodies with beads. As the result of the sandwich structure, the 
concentration of bead-antibodies increased and thus results in the display of a 
coloured strip. It is a platform technology because the bead modification does not 
depend on the specificity of the antibody. The capture antibody in principle can be 
replaced from one to another (depending on the application specificity) without re-
inventing the colour display method. The use of antibodies as a capture molecule is 
well-established but the engineering challenging of a working antibody is also well 
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known. As one of the alternatives, aptamer formats take advantage of being small in 
size, and benefit from the flexibility of their chemical ‘tuning’. 
The main challenge in developing a sensor using an aptamer is signalling engineering. 
We assume that it is possible to explore the unique sequence-dependent property of an 
aptamer DNA/RNA in order to provide an electrochemical signal. This is based on the 
assumption that binding to a target requires some conformational flexibility in an 
aptamer. The aptamer may stretch to fit to the surface of the target. If the aptamer is 
designed with a double-helix structure, the base-pairing can be seen as an inactivated 
form of the aptamer. The double helix is then fully or partially denatured to fit the 
target confirmation and therefore the aptamer is activated. Before and after the 
binding to a target, an aptamer is shifted between a double helix and a denature form. 
This shift of structure causes the change of freedom of movement. The change of 
freedom can be monitored by conjugating a reporter group on the end of the double 
helix.  
The base-pairing property of the nucleic acid allows us to predict its secondary 
structures formed by inter/intra hydrogen bonds, it also carries a code with the 
sequence information. In this study, we have exploited the base-pairing property of 
nucleic acids as the aptamer, using that to design another sequence for the conjugation 
of the reporter group that correlates to the level of aptamer-analyte binding event. 
3.3 Labelling by oligonucleotide hybridisation  
This involves an analogy with secondary antibody labelling, and an aptamer whose 
information is in public domain is used as the template in this study. There is no 
selection or screening of aptamers performed in this study. The target is a hen egg 
white lysozyme. The aptamer was developed to target the soluble hen egg white 
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lysozyme. Explained in the introduction chapter, when replacing the U with G, the 
aptamer sequence binds to the protein with a six times lower affinity.  
The first step in the immobilisation is to introduce the aptamer with a functional group 
that reacts with the sensor surface, since the native nucleic acid lacks the reactivity for 
immobilisation. Secondly, a signalling module hybridised to the aptamer is added. It 
is not clear what the effect on the aptamer activity will be, when it is engineered to 
incorporate a sequence and a reporting group. In this chapter, we put a signalling 
group on a separate short DNA oligonucleotide instead of on the aptamer directly. 
The aptamer sequence remains unchanged. 
The hypothesis is that the structural re-arrangement in the binding reaction is likely to 
affect the helix part of the sequence. The relative position of the reporter group is 
likely to be affected by any change of the conformation compared to the flexible 
single-stranded form as a result of lysozyme binding. Any change in the stability of 
double helix structure is translated into position shifting of the reporter group. In this 
study, we use ferrocene as the report group for the easy modification of DNA 
oligonucleotides and its well documented electrochemical response [115, 116, 144].  
The length of the hybridised oligonucleotide is determined by the free energy 
assembly of this inter-molecular structure.  
The prediction of energy of base-pairings between nucleic acid sequences is available 
from many web services, including oligonucleotide vendors. For an aptamer, the 
simulated value of binding energy of the reporter sequence can also be estimated 
using the thermodynamic formulation. From the Gibbs free energy, the dissociation 
constant can be estimated using the formula: 
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Equation 3-1 Gibbs free energy change 
 
The balance between hybridisation energy and lysozyme binding is a major 
consideration for the success of the displacement assay. The lysozyme binding can be 
expressed as shown below. 
Equation 3-2. Aptamer binding competition 
 A 
 B 
[ ] [ ] 3GDNAferrlysAptlysDNAferrApt ∆−+•↔+−•
 
C 
∆G1 should be effectively less negative than ∆G2, driving the Equation 3-2C to the 
right.  The hybridisation energy was estimated without taking into account any 
ferrocene contribution. There is a 6-carbon chain between the ferrocene and the 
oligonucleotide, which should relieve the steric hindrance effect from the ferrocene.  
Furthermore, the distance between ferrocene and the surface is important in 
electrochemical measurement according the Marcus equation, where the current is 
inversely proportional to the interionic distance r [145]. Two hybridisation locations 
were designed for the aptamer. While the 5´ end of the aptamer is thiolated to the 
sensor surface, the first sequence hybridises the locations corresponding to the 5´-end 
of the aptamer, which is close to the sensor surface. The other hybridisation site is far 
from the surface, corresponding to the 3´-end of the aptamer (Figure 3-1.). 
dKRTG ln−=∆
[ ] [ ] 1GDNAferrAptDNAferrApt ∆−•↔−+
[ ] [ ] 1GDNAferrAptDNAferrApt ∆−•↔−+
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As mentioned earlier, the sequence of aptamer is an anti-lysozyme. It is our 
contention that a known lysozyme [75] reduces the uncertainty of developing a new 
binder for testing the theory and sensor construct. The aptamer reported in the original 
study is RNA, whilst DNA form was tested in our laboratory. Although RNA has 
more conformation variable due to the 2'-OH group on the RNA back bond, DNA 
molecule is chemically more stable than RNA. The RNA nuclease is also much more 
abundant than DNA nuclease.  
 
Figure 3-1. Two variants of aptamer/ferrocene assemblies are illustrated. Ferrocene-L1 is on 
the top while L2 is at the bottom. There is a sulfhydryl group for immobilisation at the 5'-end of 
the aptamer. The ferrocene is conjugated at the 5'-end of the small oligonucleotides via an 
amide bond. The hybridisation energy is shown below each structure.  
The DNA version of the aptamer was ordered from Thermo Biopolymer with direct 
transcription from the RNA aptamer sequence. The 5´-end linker between the surface 
and aptamer is a six-carbon chain and a gold-reacting sulfhydryl immobilisation 
group. The total length of the DNA aptamer is 43 nucleotides. It comprises a 6-
nucleotide long of constant region. The binding constant of the DNA aptamer to 
lysozyme was obtained by surface plasma resonance (SPR) using a BIAcore 
instrument. Lysozyme titration was carried out when the DNA aptamer was 
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immobilised on a gold chip. The observed dissociation constant was (125 nM). The 
calculated value is about 6 fold higher than that of the original RNA form.  
The dissociation constant is then used to help with design of the short ferrocene 
oligonucleotides. Give the lysozyme dissociation constant, 125 nM, the calculated 
value of the Gibbs free energy is -39.3 kJ/mol. The aptamer-ferrocene-oligonucleotide 
duplex should not be too stable to prevent the lysozyme binding. Based on the token, 
we designed the short oligonucleotides in such a way that each hybridises to the 
aptamer at similar or less energy than the lysozyme. This assumes a competition 
between the lysozyme and the reporter attached short oligonucleotide against the 
surface bound aptamer.  
3.4 Sensor preparation results  
3.4.1 BIAcore Kd measurement 
Mentioned in the introduction, anti-lysozyme was originated as an RNA aptamer with 
25 nM dissociation constant. While the DNA form was used by Wang’s group as an 
 
 
Figure 3-2  The Biacore sensogram with the baseline subtracted (left) and (right) normalized 
response vs. concentration diagram to calculate the dissociation constant , this was not 
repeated for consecutive times due to the restriction on using the facility. 
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impedance biosensor testing with affinity showed. The DNA form of the aptamer was 
bought to test the affinity with the analyte and subsequently, to be used as an 
aptasensor element due to the fact of DNA’s resistance to hydrolysis.  
The BIAcore measurement results showed in Figure 3-5 The proposed competitive 
model of lysozyme binding and the ferrocene oligonucleotide (L1). Aptamer is shown 
as a liner bar attached to the gold surface. Shorter bar with Fe is the 5'-ferrocene 
labelled oligonucleotide. Figure 3-5 suggested a dissociation constant, which is x axis 
value at half of the y’ axis saturation reading value. The Kd value is approximated to 
be 130 nM.  
3.4.2 The conjugation and purification of ferrocene and 
oligonucleotide 
The lengths of L1 and L2 are 8 and 10 nucleotides respectively. The short 
oligonucleotide was attached to ferrocene carboxylic acid via the amine group. The 
step of ferrocene conjugation is described in the chapter two- material and method. 
After conjugation, the excess un-reacted ferrocene from the conjugated form was 
removed by a series of precipitation and dialysis. The efficiency of the purification of 
ferrocene-oligonucleotides is calculated in the following way.  
Immediately at the end of the conjugation, the DNA reaction mixture was first 
precipitated by ethanol to separate DNA from the carbonate salt. The second 
separation is to remove the less soluble chemicals, mostly ferrocene carboxylic acid 
and ferrocene-HOBt intermediate. This was achieved by performing chloroform 
extraction three times. In the last polishing step, the mixture was dialysed to remove 
more free small chemicals as well as performing the buffer exchange. At the end 
dialysis, the concentration of oligonucleotide measured by spectrometric method is 
PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com
123 
around 2 µM and the final volume increases to around 2 mL. Given the starting DNA 
amount, 10 pmole, the yield is 40% after the purification.  
3.4.3 Fabrication and Immobilisation 
The ferrocene oligonucleotide was hybridised with the anti-lysozyme aptamer in 
solution before immobilisation.  A typical routine involved putting 10 to 15 µL of the 
aptamer-oligonucleotide duplex solution on a prepared gold surface. The surface of 
the electrode was prepared according the protocol described method and material 
chapter. The final working area for immobilisation is 4.91×10-4 cm2 if the roughness 
factor is 1 [142]. 
3.4.4 Conjugation efficiency  
The ferrocene oligonucleotide conjugation was confirmed by MALDI-TOF. The 
desalted oligonucleotide solution was mixed with matrix solution. The first few 
batches of conjugation had problem of low conjugation efficiency. (Figure 3-3A) The 
peak high of the un-conjugated oligonucleotide accounted for 3 times of the 
conjugated form. Though the peak high in the mass spectrum does not directly 
correlate with the absolute quantity, the conjugation did not appear as being efficient. 
The same conjugation protocol was repeated and the efficiency was improved. The 
previous batch was not used and new conjugation was carried out and verified by 
MALDI-TOF again. (Figure 3-3B) The variation on conjugation efficiency should be 
the skill problem.  
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Figure 3-3 The spectrum of mass spectrometry. Unconjugated L2 (A) and conjugated 
ferrocene L2 (B) Acknowledgment of Imperial Biochemistry department for result (B).   
3.4.5 UV Spectrum of Ferrocene Conjugated Oligonucleotides.  
The initial concentration estimation of the ferrocene conjugated oligonucleotides was 
calculated by the UV adsorption spectrum. Nucleotides have strong adsorption at 
around 260 nm. According the equation below, 
 Equation 3-3 Beer-Lambert law 
                                                    , 
The concentration of an oligonucleotide can be calculated using the extinction 
coefficient, ε, at a given wavelength. Ferrocene is known to have adsorption maxima 
at 440 nm (90 M-1cm-1), 330 nm (50 M-1cm-1) and strong adsorption after 225 nm in 
aceotonnitrile. The broad peak from the pellet shows the ferrocene absorbance 
contribution at 440 nm is not as strong as that at 330 nm. (Figure 3-4) However, the 
molar extinction coefficient of ferrocene at 440 nm is nearly double that at 330 nm. 
The broad shoulder at 300 nm may not be the contribution of ferrocene. At this stage, 
we assume the concentration of ferrocene oligonucleotide can be estimated using the 
extinction coefficient of DNA at 260 nm. This is also because the molar extinction 
lcA nmnm ε=
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coefficient of nucleotide mono phosphate at 260 nm is much larger than that of 
ferrocene [146]. The extinction coefficient of each oligonucleotide is estimated by 
adding up the fraction contribution of the four bases and factoring in the number of 
each base. The coefficients of nucleotide, A, G, T, and C are 15, 12, 8.6, and 7.1 µM-
1cm-1 respectively[147].   
                   
Figure 3-4 Adsorption UV spectrum of ferrocene-oligonucleotide purification 
3.5 One step titration results  
We proposed that the duplex conformation be sensitive to the binding of lysozyme. 
The change can come from denaturation of the short oligonucleotide or the 
deformation of duplex. Either case, the ferrocene should have the proximity changed. 
Variation on the electrochemical signal can be extracted to correlate with the degree 
of the binding.  
The ideal sensor surface would comprise a homogenous structure of immobilised 
aptamer/ferrocene oligonucleotide, which should be a monolayer of the complex. Any 
different structure on the surface may represent a different binding mechanism. 
Factors that are correlated with non-ideal structures include adsorption, denaturation, 
or multiple complex associations. The net contribution from these factors could be 
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evaluated using the electrochemical methods, such as surface density calculation. The 
hen egg-white lysozyme is a globular folded protein. The dimension of the protein is 
about 3 to 4 nm from one side to another. The size estimation is based on the 
measurement using the crystal structure (Figure 3-6)[15].The size estimation is based 
on the measurement using the crystal structure (PDB: 1AT5). This size is comparable 
or larger with that of the aptamer and the oligonucleotide complex. This may be a 
concern since the binder is restricted to the surface to cause a steric hindrance   
 
                  
Figure 3-5 The proposed competitive model of lysozyme binding and the ferrocene 
oligonucleotide (L1). Aptamer is shown as a liner bar attached to the gold surface. Shorter bar 
with Fe is the 5'-ferrocene labelled oligonucleotide.    
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Figure 3-6. The lysozyme surface showing electrostatic potential mapped to the solvent 
accessible surface (Blue= +1.8 eV, White= 0 eV. Red= -1.8 eV). The image was generated 
from the PDB file 2VB1 using the Programme Swiss PDB Viewer. 
We assumed the detection of the lysozyme a competitive binding. In Figure 3-5, the 
immobilised aptamer associated with the ferrocene oligonucleotide through sequence-
specific hybridisation. The titrated lysozyme competes with the ferrocene 
oligonucleotide and the ferrocene oligonucleotide is displaced from the aptamer. The 
molecular weight of the lysozyme is 14 KDa and the surface charge is positive at 
neutral pH as demonstrated in Figure 3-6. Lysozyme is relative large for a binder like 
the aptamer/ferrocene assembly. The consequence of association between lysozyme 
and aptamer would substantially alter the conformation of aptamer-ferrocene 
complex. As the result, the surface distance of ferrocene should change. The 
percentage of the affected ferrocene should be a function of the lysozyme in the bulk. 
Measuring the electrochemical parameters on the surface would provide information 
pertaining to the binding equilibrium on the surface and the possibility of the reaction 
mechanism of the displacement.  
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The displacement mechanism of lysozyme binding has different possibilities. The 
release of ferrocene DNA could be released into the bulk due to osmosis pressure. 
However, it is also possible that ferrocene DNA remained on the surface after 
lysozyme binding. The surface charge of lysozyme is predominantly positive at 
neutral solution. The electrostatic interaction between the negatively charged DNA 
and the positively charged lysozyme could be more energetically favourable than 
hydration of ferrocene DNA in the bulk.  
 
Figure 3-7 The control experiment of titrating ferrocene L1. No aptamer was attached to 
the sensor gold surface. The gold surface was immersed in a ferrocene L1 solution before 
placed into the experiment reaction buffer. A series of concentrations of lysozyme were 
titrated against the sensor and the electrochemical results did not show much dependence 
on the titration. It indicates that the sensor does not respond to the change of the lysozyme 
concentration. 
Due to early observations that an equal ratio of aptamer/ferrocene-DNA resulted in 
very low signal, we have compared the effect of different ratio of aptamer to 
ferrocene-L1. The ratio is expressed as m and the whole assembly is expressed as 
“aptamer/ferrocene-L1m”. A variation in the ratio was achieved by making different 
excesses of ferrocene-L1 to aptamer in the hybridisation solution. Control 
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experiments were performed to check the non-specific peak current change by only 
ferrocene-L1 adsorption. Ferrocene L1 was immobilised by simple adsorption without 
an aptamer. A series of lysozyme concentrations were titrated in the sample apparatus 
set up. The plot shows that there is no visible lysozyme dependent current change 
when there is no aptamer on the surface in Figure 3-7.  The observation indicates that 
there were too few oligonucleotides adsorbed onto the surface to result in any signal. 
Further, the lysozyme had no effect on this surface in the absence of an aptamer.  
 
  
3.5.1 Key results from the early tests 
The early tests of the sensor were prepared as stated in the method and material, in the 
absence of a self-assembly monolayer such as MSA. Following twelve hours of 
sensor immobilisation in the oligomer solution at a 1:1 ratio between aptamer and L1, 
as well as the washing stage, we observed both CV and SWV in nano-Ampere range. 
Interestingly, the results of lysozyme titration were inconclusive. Some electrodes 
experienced no change in the current for both experiments, while others experienced a 
slight decrease in signal that was likely to happen for a sensor over a period of time 
regardless of the analyte binding event. As the sensor may consist of a population of 
immobilised and physical adsorbed aptamer complex, we were searching to build a 
more homogenous surface with mostly the immobilised aptamer complex.  
3.5.1.1 Surface blocking  
We came up with the idea of choosing a SAM molecule for surface blocking. It was 
generally recognised that the longer the hydrocarbon chain of the SAM, the more 
hydrophobic the surface would be. Hence, mercaptosuccinic acid (MSA) came into 
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use for two reasons. Primarily, it is readily available in the lab and easy to handle. 
Also, it is such a small molecule, and has been tested to have a minor hindrance on the 
interfacial electron transfer and the current flow. 
                        
Figure 3-8: the effectiveness of 10 mM MSA molecule in block the electron transfer from ferrocene to  
the surface at 50 mV/s 
As the immobilisation takes place, a follow-up CV of the sensor showed that the 
faradaic current diminished in the absence of lysozyme as illustrated in the figure. 
Some speculation exists that MSA has replaced aptamer immobilised surfaces or that 
effectively blocked the ferrocene electron transfer route resulted in a no redox current 
at the interface (Figure 3-8). We then abandoned the former theory due to the fact that 
as lysozyme kicked into the reaction buffer, a faradaic current re-appeared. Hence, we 
concluded that in the presence of SAM jeopardised the electron transfer from the 
conjugated ferrocene. The current range 10-8 A prior MSA blocking (it was found to 
be at a similar level as aptamer binding to 500 nM lysozyme later on in this chapter. 
In the absence of blocking molecules, the results of titrating the analyte were 
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inconsistent with one another. Either no change took place over the CV/SWV peak 
current or there was a slight decrease in the current. 
We asked ourselves what changes would bring to the surface a current in such a 
situation, since no current was observed at 0 nM lysozyme. However, we expected the 
titration of lysozyme to release the ferrocene into the bulk as the lysozyme competed 
with ferrocene-L1. The peak current should decrease as the result of reduced 
electroactive concentration. 
Below is the account of CV and SWV results and discussions from a series of titration 
experiments.  
3.5.2 Lysozyme titration of aptamer to ferrocene-L1, 
aptamer/ferrocene-L1m=1 
The early assay was carried out using equal stoichiometry of aptamer and ferrocene-
L1. The hybridised solution was applied to the surface of gold in a one-step 
immobilisation method.  
We used two electrochemical methods to characterise the property of the aptamer 
sensor, namely cyclic voltammetry (CV) and square-wave voltammetry (SWV). 
Cycling over the oxidation and the reduction potentials is useful in exploring complex 
electrode reactions, such as electron transfer kinetic or adsorption. The slope and the 
peak position of a CV voltammogram are two useful readings at given scan rate. The 
peak separation between oxidation and reduction maxima is a good indicator for the 
number of electrons involved in a reaction. In the case of ferrocene, we expect one 
electron per reaction. If there were more electrons involved, this implies the presence 
of the reactions. Another useful parameter from CV study is the ratio of peak current, 
. For a Nernstian system, the electrochemical reaction is reversible and the 
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ratio of  should not depend on the scan rate, reversal potential, or concentration 
gradient on the surface. Any deviation suggests a dependence on these factors.  
The SWV was used in the study for its peak current sensitivity. In a SW 
voltammogram, an incremental potential increase was applied in one complete 
waveform. The result is less affected by the charging current, which can mask the 
faradaic current. Due to the limited availability of the reagent, we used SWV to test 
the same sensor electrode in a fresh reagent mixture after the electrode was reduced 
extensively at the end of a CV study. Initially, the anti-lysozyme aptamer was mixed 
with ferrocene-oligonucleotide L1 in equal stoichiometry. The two oligonucleotides 
were mixed before dipping in the electrode sensor. After the electrode preparation, 
CV and SWV were used for each preparation. The scan rate varied between 10 and 
200 mV/s. The scanning frequency was between 5 Hz to 50 Hz. The potential sweep 
did not switch reversely until it passed the oxidation peak by 0.2-0.25 V against an 
Ag/AgCl electrode. On the reduction side, the oxidation ferrocinium was reduced 
beyond the reduction peak by 0.1-0.15 V against an Ag/AgCl electrode.  
Due to the electrical double layer over the electrode interface, the CV method is less 
sensitive in measuring the peak current compared to the SWV method. The aptamer 
sensor electrode would have worsened the case, since the surface charge and thickness 
of the double layer are much influenced by the immobilised aptamer molecules.  
This is the reason why the use of SWV is necessary as a complementing technique for 
a lower limit of detection. The capacitance from the electrical double layer and 
immobilised charged aptamer has an effect on current measurement. The effect is a 
function of time and the observation showed that the decay of the charging current 
reaches 90% after 0.5 seconds. In a SWV method, the charging current is reduced due 
to the fact that the measurement is taken at the end of a potential pulse. However, the 
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discrimination is dependent on the square waveform frequency (a function of time). 
As the charging current of the electrical double layer diminishes exponentially with 
time, the waveform frequency should be low enough for the decay to happen.  
A few frequencies have been tested, namely, 5, 10, 15, 20, 50, and 100 Hz. At 100 
Hz, the I-V peak shape is broad, with a high ratio of noise to signal ratio. This implies 
that the time is too short for the charging current to decay. Apart from the frequency 
at 100 Hz, each assay measures the peak current at the rest of the frequency. In each 
titration, we analyse the SW voltammogram further and present the measurement as 
three individual plots. When taking the reading point at the different phase of a cyclic 
waveform in SWV, the current can be measured against the end of the oxidation half 
cycle, which gives a forward pulse plot. On the other hand, when reading the current 
happening at the end of the reduction half cycle, it represents a backward pulse plot. 
On the same token, a sum of the forward and backward pulses can be plotted to show 
the overall effect, which should give a bigger signal difference when compared with 
that from CV.  
Furthermore, the wave frequency of SWV can be used to investigate the surface 
reaction mechanism. In the sensor design, the aptamer was immobilised to the surface 
as well as the ferrocene-oligonucleotide. The ferrocene-oligonucleotide was not 
diffused into the solution, it remained on the sensor surface during the titration, and 
hence we proposed a thin-film model, where the ferrocene was surface bound and not 
a function of mass transport. In a thin-film model, there is little if any diffusion. The 
thin-film electrode model we used to analyse lysozyme titration is the oxidation of the 
mercury thin film. In such cases, the peak current, Ip, was established a linear 
dependency to the frequency [148, 149]. 
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3.5.2.1 SWV Peak Current 
The peak current resulting from the SWV increases as the lysozyme concentration 
increases from 0 to 150 nM (Figure 3-9A). More current means that more ferrocene is 
available for electron transfer. The observation is different from that which we 
expected. The assumption was that ferrocene-L1 would be released from the aptamer 
by lysozyme binding. If the ferrocene-L1 had been released, the assumption posited 
that it would have diffused away from the surface. Since the frequency result 
indicated otherwise, the mechanism of the ferrocene-L1 requires further study. 
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Figure 3-9 Lysozyme titration of the aptamer-ferrocene L1 voltammogram and analysis. The 
current-potential plots of net (A), forward component (B), and backward component (C) as 
well as CV (D) show peak current plateaux at 150 nM and decreases at higher concentration. 
The plot in the backward component (E) shows the potential sweep did not cover the 
reduction sufficiently. The SWV current dependency on lysozyme concentration is shown in 
plot (F). 
However, the trend reached a plateau and then decreased when more lysozyme was 
presented in the solution. This is likely due to the inadequate potential scanning range 
as discussed in the CV data. In brief, the observed peak current in a SWV would have 
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been the combined effect of the lysozyme binding and the ferrocene depletion. When 
we further analysed the data and split SWV into a forward and a backward pulse, it  
was clear that reduction was incomplete. From the evidence in Figure 3-9 C, it is clear 
that the traces lose the reduction peak when the lysozyme exceeds 150 nM. One 
explanation for the loss of reduction peak at higher lysozyme concentration is to 
assume a peak potential shift towards the cathodic direction. At 200 nM of lysozyme, 
the backward peak current decreases by nearly half, and the peak potential has shifted 
30 mV towards the cathodic direction (Figure 3-9C). The backward scan plot also 
showed the decreasing peak current trend from 200 nM lysozyme, while the peak 
disappeared as lysozyme exceeds 300 nM.  
As a consequence of the peak potential shift, the applied potential was not adequate to 
reduce surface ferrocinium fully in the first half cycle. In the next half cycle, the 
amount of ferrocene was less than it was before the cycle. As the concentration of 
lysozyme increased beyond 150 nM, the availability of ferrocene seems to reverse the 
trend and decrease as shown in forward pulse plot (Figure 3-9B). 
To sum up the data and analysis, we see two phases in the electrochemical experiment 
results. In the first phase, the binding of lysozyme made more ferrocene available by 
pushing the ferrocene-L1. At the same time, the range of the potential scan still  
provided enough reduction potential for the ferrocinium. The peak current should 
increase as the concentration of lysozyme increases. When it moved to the second 
phase, the increased lysozyme still provided even more ferrocene on the surface, but 
the cathodic shift of peak potential moved more and was beyond the reduction 
potential setting. The combined effect is a reduction of the peak current compared to  
the maximum peak current at 150 nM. Furthermore, the reduction was proportional to 
the concentration of lysozyme.  
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The SWV method so far has been useful in helping to understand the reaction on the 
electrode surface. The CV is less so as there is less current change in the lysozyme 
titration. There was also peak shift to the lysozyme binding but it was not clear that  
the shift is proportional to the binding. In a way, this is not completely unexpected as 
CV is prone to be affected by the charging current effect as described earlier. While 
the sensor electrode comprises a layer of DNA and ferrocene, the electrical double 
layer would have more capacitance. It is clear that the charging current in this  
experiment was dominant, and that the change of the faradic current became 
insignificant.  
3.5.2.2 SWV Surface confined model  
Five waveform frequencies were used: 5, 10, 15, 20, and 50 Hz. At 100 nM of 
lysozyme, the observed peak current was linearly proportional to the wave frequency. 
(Figure 3-9E) The surface excess concentration of electroactive species is 
proportional to the ratio of peak current over frequency.  The plot of the surface 
concentration of lysozyme showed vs. SWV peak current showed a scattered 
relationship in Figure 3-9F. This suggested the ferrocene did not respond to the 
binding linearly. It is possible that the charging current might have interfered with the 
measurement. When the surface excess ferrocene was low, the effect of the charging 
current would eclipse the peak current change from the lysozyme binding.  
3.5.2.3 Lysozyme dependent CV change 
The CV titration of lysozyme showed an increase in both charging and faradaic 
current. However, it was difficult to quantify the increase in current because of the 
influence of the charging current as well as the peak current was saturated at 150 nM 
of lysozyme  (Figure 3-9D).  From the plot, the peak currents increased significantly 
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compared to the electrode without the lysozyme. This indicated that the binding of the 
lysozyme caused structural re-organisation of the aptamer and the ferrocene-L1 on the 
surface, so that direct electron transfer was enabled from the conjugated ferrocene.  
Both oxidation and reduction peak potentials were shifted to the left of the I-V plot, 
but the full titration experiments were operated in the pre-set potential range of 0-
0.5V. Therefore, we know that in some CVs, the ferrocinium didn’t get to be reduced 
completely. Consequently, as the total number of ferrocene on the surface is limited, 
the number of species available for the next round of CV while titrating a new 
concentration of lysozyme is reduced. This limited the resolution needed to 
differentiate concentration responses. 
To summarise this set of experiments, two factors accounted for the signal trend 
versus the increased concentration of lysozyme. First, the scan range for the 
electrochemical measurement should be somewhere more negative than 0  to 0.5 V in 
order to adjust the shift of scan current.  Furthermore, the hook effect suggested that 
the capacity of aptamer and ferrocene-L1 combination cannot accommodate the 
aptamer concentration above 150 nM. Therefore, an increase in the concentration of 
ferrocene-L1 in the hybridisation step is necessary.  
Lysozyme titration of aptamer to ferrocene-L1, aptamer/ferrocene-
L11.2 
As the m was increased to 1.2 such that it should also increase the percentage of 
hybridised aptamer over total aptamer on the electrode surface. The same 
immobilisation method applied.  
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3.5.2.4 SWV Peak Current 
The SWV observations showed very similar trend as the m=1.1 only with higher 
reading in the current when other measurement parameters remained the same 
(Repeated data not showed here).  The net and forward peak current reaches a 
maximum at 150 nM before decreasing in proportion to the increased lysozyme 
concentration. The backward peak current plot also showed an incomplete reduction 
potential. The chosen scan potential range should shift to more cathodic direction. In 
the case of the net peak current, increasing the ferrocene L1, as expected, increased 
the magnitude of peak current. The net peak current is 1.75×10-7 A when ferrocene-L1 
and the aptamer are in equal ratio and the value increases to 3.1×10-7 A when that 
ratio is increased to 1.2. 
 
3.5.2.5 SWV Peak potential shift 
For aptamer/ferrocene-L1m=1.2, as the peak shift approximated at 40 mV to the 
cathodic direction from 0 to 1000 nM of target, the ferrocene became easier to be 
oxidised and the ferrocinium became more difficult to reduce. Similar to m=1.1, the 
lack of a reduction peak at higher lysozyme concentration is partially because of the 
sluggish electron transfer kinetics of the reduction. If a wider scan range of -0.15 to 
0.5 V was pursued, the population ferrocinium would have mostly reduced back to 
ferrocene. In doing so, in the next round of titration, the ferrocene population would 
have been replenished.  
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Figure 3-10 The plot of
 
∆I/∆f versus lysozyme aptamer/ferrocene-L1m=1.2 showed a linear 
relationship.  
 
3.5.2.6 Surface confined model  
The plot of peak current/frequency over lysozyme revealed a linear relationship 
(Figure 3-10). It suggested that the surface accessible ferrocene was proportional to 
the lysozyme concentration. Before binding, the ferrocene was confined on the 
surface through hybridisation between L1 and the aptamer. The lysozyme should be 
considered as a surface bound component to the aptamer. After the lysozyme binding, 
the ferrocene-L1 seemed to remain on the surface. The amount of increase in the 
ferrocene-L1 was proportional to the lysozyme concentration. The mechanism could 
be the electrostatic attraction from lysozyme or associates with aptamer through 
ferrocene.  
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Lysozyme titration of aptamer to ferrocene-L1, aptamer/ferrocene-
L11.3  
In this set of assays, the lower potential boundary was -0.05 V in the light of the 
speculation of insufficient reduction potential in the previous assays. The ferrocene-
L1 concentration was increased in the hybridisation therefore the m value was 1.3.  
3.5.2.7 SWV Peak Current 
Unlike the previous ferrocene-L1 stoichiometry, the drop in the peak current after the 
maximum is relatively small. Both the forward and backward component plots show 
increased current largely proportional to the lysozyme concentration (Figure 3-11). 
The maximum net peak current occurred at 600 nM was 4.5×10-7 A in comparison to 
the peak current of just over 2×10-7 A in previous titrations.   
A 
 
B 
 
Figure 3-11. SWV of Aptamer/ferrocene-L1m=1.3. The plots of the net current in the lysozyme 
titration (A). The peak current plateaus at 550 nM before it decreases slightly at higher 
lysozyme concentration. The plot of peak current versus lysozyme concentration shows a 
good fit with a surface bound model (B.) 
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3.5.2.8 SWV Peak potential shift 
The large peak potential shift observed with aptamer/ferrocene-L1m=1 is not seen 
when m=1.3. The forward component exhibits a smaller cathodic shift of potential 
than the backward one does, which is 28 mV toward the cathodic direction. However, 
the diminished peak potential in the backward component is not observed with 
aptamer/ferrocene-L1m=1.3. Though the increase of ferrocene-L1 is not significant 
from 1.2 to 1.3, a wider scan range allowed a full reduction to occur and clearly made 
a difference for interpreting the effect of lysozyme upon the aptamer-L1 structure.  
3.5.2.9 Surface confined model  
The plot of i*f -1 vs. [lysozyme] appeared to be linear at the first three chosen 
concentrations before the peak current dropped at a high concentration of 900 nM 
(Figure 3-12). Otherwise, the linear data range is from 0 to 300 nM of lysozyme, 
which is a wider range in contrast to the previous experiments where the linear range 
is from 0 to 150 nM.  
                      
Figure 3-12 Aptamer/ferrocene-L1m=1.3 peak current versus wave form frequency against 
four concentrations of lysozyme 
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Lysozyme titration of aptamer to ferrocene-L1, aptamer/ferrocene-
L11.8 
The reaction condition and apparatus were similar but the lower potential boundary 
was -0.1 V.  The m value was increased to 1.8, the plot of voltammogram showed 
significant faradaic current, which was lysozyme dependent.  
3.5.2.10 Peak Current 
The maximum peak current over the entire titration range is 3.5 times higher than the 
previous condition. The peak current is 1.7×10-6 and 7×10-7 A when lysozyme is 1 
µM and 200 nM respectively (Figure 3-13). The peak current possessed a similar 
dynamic range as m was 1.3 such that it reached a plateau at about 500 nM. When 
looking in to the forward and backward component, the peaks are well defined and the 
dependence on lysozyme concentration is consistent.  
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Figure 3-13 SWV of aptamer/ferrocene-L1m=1.8. The plots of the net current of the lysozyme 
titration (A). The peak current increases proportionally to the lysozyme concentration. The 
plot of peak current versus lysozyme concentration at 50 Hz shows a good fit of a surface 
bound model (B). 
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The SWV peaks were narrower and sharp in the current/potential plots in a lysozyme 
titration of m=1.8. The lysozyme dependent current change does not decrease at 
higher lysozyme concentration.   
A well-defined peak means it is easier to estimate the peak current and potential. The 
lysozyme-dependent potential shift can be a tool in understanding the binding 
mechanism as well as the potential increase. The plot that passes the potential points 
fits to a cooperative binding model. However, there is only one binding site on one 
aptamer. The ferrocene is carried by the oligonucleotide L1 and its association with 
the aptamer may have different forms other than sequence dependent hybridisation.  
Based on the same token, it is possible that the cooperative property derives from the 
contribution of ferrocene-L1 itself.  
3.5.2.11 Surface confined model  
The plot of i*f -1 vs. [lysozyme] plot displayed in Figure 3-15 appeared to be linear in 
the range of 0 to 500 nM of lysozyme. Discussed previously, ferrocene_L1 is a 
surface bound species, the current across all frequencies is proportional to the 
concentration of lysozyme, suggested that the surface accessible ferrocene is 
positively correlated to the analyte.   
3.5.2.12 Binding model 
Many fitting models in Origin were tested in order to fit the data points on the Ip 
vs.[lysozyme] for all frequencies used in SWV, as sigmodial was the best fit of all. 
This suggested a cooperative binding behaviour on the sensor. The observed 
dissociation constant at the two frequencies roughly are 260 and 200 nM for 50 Hz 
and 5 Hz (Figure 3-14) respectively. The cooperative fit was further supported by the 
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potential shift analysis (Figure 3-16). Plots in both frequencies showed the current 
saturation at 500 or 600 nM. The observation agreed with the previous finding.  
                  
Figure 3-14 The plot of SWV peak current versus lysozyme concentration at 5 Hz. 
                               
Figure 3-15 Aptamer/ferrocene-L1m=1.8 peak current versus wave form frequency transformation against 
4 concentrations of lysozyme.   
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Figure 3-16 Lysozyme dependent peak potential shift of aptamer/ferrocene-L1m=1.8. The total 
peak potential shift is 35 mV towards the cathodic direction.  This suggests as the target 
binding cooperated in the system, the short attached ferrocene possibly experienced a slight 
change of the environment and that this influenced the electron transfer. 
As discussed before with respect to the co-operative binding kinetics model, the 
ferrocene-L1 at the lysozyme binding complex might interact with nearby 
aptamer/ferrocene-L1 complexes due to the close proximity (the measured density of 
ferrocene-L1 is). More specifically, the cooperative phenomena might be a result of 
multiple layers of aptamer and ferrocene-L1 on the surface. As there was a 
dependency of m value not only with the current strength but also with the potential 
shift, one anchored aptamer was likely to associate with more than one ferrocene-L1. 
The possible inter-molecule forces responsible for the association could be salt-bridge 
or alternative hybridisations. Ferrocene-L1 may associate with one another through 
charge interaction between the positively charged ferrocene and the negatively 
charged phosphate of the L1.  
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3.5.2.13 Lysozyme dependent CV change 
There is a significant CV change in the lysozyme titration, unlike previous sets. This 
is likely the result of a much larger peak current when ferrocene-L1 contribution is 
1.8. The faradaic current was big enough to overcome the capacitance from the 
electrical double layer. The peak currents, and , are proportional to the 
increase in the analyte concentration. (Figure 3-17) At more than 400 nM, neither 
nor decreases as they do in ferrocene-L1 contribution at 1 or 1.2. There is no 
visible peak potential shift, therefore the electrical configuration of the reaction 
species does not change. The scan rate used in the graph is slow. The magnitude of 
the peak current is proportional to the scan rate. The ferrocene/ferrocinium forms a 
diffusion layer on the surface in a CV cycle. The thickness of the layer decides the 
influx of the ferrocene/ferrocinium. The slower the scan, the more diffusion occurs 
and hence the influx will be smaller. The current is proportional to the influx and 
hence of a lower value compared with higher scan rates.  
                                   
Figure 3-17  Cyclic voltammogram of aptamer/ferrocene-L1m=1.8 at 10mV/s 
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Figure 3-18 The CV reduction peak current dependence in cyclic voltammetry of 
aptamer/ferrocene-L1m=1.8. 
3.5.2.14 CV Peak current dependence on scan rate 
The peak current dependence is estimated through a diffusion model, especially when 
the fitting is on the reduction cycle (Figure 3-18). The oxidation current is difficult to 
measure due to the increased charging current from the charged species. The slope of 
the peak current is dependent on the concentration. It seems that the diffusion 
constant, D, may be inversely proportional to the concentration. This could be the 
result of the increased local viscosity as the DNA/lysozyme layer becomes crowded. 
The slope increases by 1.81 times from 200 nM to 450 nM. Assuming other factors 
such as electron transfer kinetic and mode of action of binding remain unchanged, the 
surface reaction may have increased 1.81 fold.   
It is noticeable that the surface event looks more like a diffusion type with the 
reduction half cycle in both CV and SWV. The oxidation of the ferrocene at high 
ferrocene-L1 contribution may change the mode of action. The electrical double layer 
may have increased as the result of reduction.  
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3.6 Two-step immobilisation 
We have also tested a two-step immobilisation method. The immobilisation step of 
aptamer-thiolated to the sensor surface is the same as the one-step method in the 
absence of ferrocene-L1, which was pre-hybridised in the one-step immobilisation 
method discussed above.  
The ratio between the aptamer and ferrocene-L1 would have been less relevant to the 
one-step method, since the total amount of aptamer was determined by the Au surface 
area. In turn, when the aptamer-bound devices immersed into the ferrocene-L1 
solution, the reaction and occupancy rate of ferrocne-L1 was thermodynamically 
restrained by the degree of freedom of the surface bound aptamer.   
In this scenario, we expect a ferrocene-L1-aptamer layer to be thinner than those in 
the one-step method, given that the non-specific complex on the surface bridged 
through excess aptamer has become unavailable.  
Generally, in the same electrochemical test of the device, the faradaic peak current 
increased as more target titrated into the reaction buffer. However, the magnitude of 
the peak current at the same CV scan rate or SWV frequency was lower than that 
measured in the one-step immobilisation experiment.  The charging current during the 
course of the titration was kept at a similar level, indicating that the capacitance raised  
from double layer thickness did not vary significantly. 
3.7 Cyclic voltammetry 
The peak potential separation is about 60 mV (Figure 3-19), which is much less in 
comparison to  120 mV in the one-step method. It is not a perfect thin-layer model, 
where the oxidation peak is the same as the reduction peak. It was obvious that the 
and  change depends on the lysozyme concentration, though the magnitude was 
oI
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smaller. The peak potential shift at all concentrations is not significant. The sequential 
increase of ferrocene-L1 contribution in the one-step immobilisation could increase 
the percentage of ferrocene in the association complexes, including base-pairing 
hybridisations as well as non-specific associations. This explains the different CV 
spectra observed in one-step and two-step methods.  
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Figure 3-19 Lysozyme dependence current change, the plots correspond to lysozyme 
concentration from 0 to 1050 nM. (A) at 50mV/s, (B) at 1000mV/s 
3.7.1 The current/scan rate ratio 
The scan rate analysis shows the implication of kinetic events in the thin-film model 
at 1000 mV/second scan rate. The CV plot saturated at higher concentration and peak 
current inversely depends on the concentrations above 400 nM. (Figure 3-20) We 
thought the increase of lysozyme might slow down the electron transfer rate (ks).  
From the thin layer equation, , current is proportional to scan rate, layer 
volume, and species concentration. When the ks is faster than the scan rate, current is 
proportional to the concentration of ferrocene/ferricinium. At a 50 mV/second scan 
rate, the current reaches saturation at a high concentration of lysozyme, whereas, at 
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the fast scan rate of 1000 mV/s, the peak current only increased from 0-250 nM 
lysozyme, then dropped more. We can rewrite the formula as:  
Equation 3-4. Peak current/frequence and ferrocene concentration 


=  × 
∗
 
 
where mO is the quantity of ferrocene on the surface at a given lysozyme 
concentration, and the rest of the terms are represented as a constant α. If we consider 
the as the applied scan rate differs, the term α and the surface concentration is 
constant, the equation can be further rearranged to , defining  as S 
with the unit of (A.s.mV-1). ∆v is the subtraction between two scan rates. Lastly, ∆Ip is 
the subtraction between the two corresponding peak current. We propose that the S is 
directly proportional to the total amount of species on the surface. The plot shows 
inverse linear dependence on lysozyme concentration. (Figure 3-20) from 0 to 1010 
nM. The reading does not agree with the observation in Figure 3-19.  
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Figure 3-20 The CV rate of oxidation (A) and reduction current (B) vs. scan rate S dependence 
on lysozyme. 
 
Lysozyme 150 nM 1050 nM 
Ip/v (oxi): Ip/v (red) 1.2 2 
Table 3-1: The ratio of oxidation vs. reduction current has increased as from 150 to 1050 nM 
of solution lysozyme. 
3.7.2 The lysozyme dependent current change  
According to Figure 3-20, the absolute values of oxidation and reduction ∆Ip/∆v both 
decrease overall in the 150-1050 nM of lysozyme region. ∆Ip/∆v takes the values at 
all scan rates into consideration, and averages out the trend (Ip vs. [L]) obtained from 
any particular scan rate. As discussed above, since the ∆Ip/∆v represents the total 
amount of ferrocene on the surface, a reduced redox species on the surface during 
titration is implied. In particular, as the solution of lysozyme exceeded 400nM, the 
drop in the redox active species was sharp.  
On the contrary, at very low concentrations of lysozyme, from zero current in the 
absence of ligand, the faradaic peak current gradually become pronounced at all scan 
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rates with increased ligand. Although the peak was difficult to pick up by the CHI 
software, the increase was visible at all scan rates (10-1000 mV/s). We interpret that 
the concentration of surface ferrocene from 0 to 125 nM solution lysozyme has 
increased. 
In order to explore the reasons for those varied results of solution lysozyme dependent 
current at different scan rates, we introduce the kinetic term (ks). This explains the 
scan rate dependent relationship, such that the α × m0 will be a function of v. ks and 
describes the surface electron transfer rate from ferrocene to the device, such that the 
electron from ferrocene could hop to the interface and vice versa.   
When the scan rate was low, the measurement was not limited by the electron transfer 
rate.  Equilibrium of lysozyme binding was reached and the redox cycle finished 
within the scan period. At 50 mV/second, the current reaches saturation at 550 nM, 
which indicates ferrocene saturation on the surface (Figure 3-21). The concentration 
at which the current change saturated is similar to that in the one-step method at all 
scan rates. If we define the observed equilibrium binding affinity using the current-
concentration plot, the observed value is comparable to that of the one-step method.  
                      
Figure 3-21 CV measurement of Lysozyme dependent current change at 50 mV/s 
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We believe that the surface kinetics dropped as the lysozyme solution increased and 
formed multiple lysozyme-DNA complexes. This is because at high ligand 
concentration the Ip1/v1 (oxidation) is much greater than the Ip1/v1 (reduction). The 
detail values is listed in Table 3-1. 
The population of ferrocene at the end of the cycle was less than at the beginning of 
the cycle. Thus the reversibility of the redox reaction reduced indicated a more 
sluggish electron transfer from the surface back to the ferrocinium.  
We now assume that kET ∝[L]-1, and the scan rate provides the appropriate time 
window to observe the reaction. At 150 nM of lysozyme, 10-1000 mV/s < kET 150  and 
hence the observations at all scan rates were consistent. However, at 1050 nM of 
lysozyme, 50 mV/s ≥ kET 1050, hence the CV titration trend changed at scan rates above 
50. In the middle of the titration 50 mV/s <kET n < 1000 mV/s. This caused a biased 
observation at either end of the scan rate spectrum, so that at 50 mV/s kET could catch 
up with the observing time window, but at 100m- 1000 mV/s, which formed a cut off 
[L] point, kET  fell further behind the scan rate. 
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3.8 Square wave voltammetry Peak current  
               
Figure 3-22  SWV measurement at 50 Hz, Lysozyme concentration dependent 
voltammogram change. The diagram displayed that the SWV peak current didn’t start to 
decrease  until the concentration of lysozyme reached 550 nM.  
The plot is distinctly different from those in the one-step method (Figure 3-22), where 
there is no shoulder on the high potential. The lysozyme dependence of current 
change appeared to be in two states. At a lower concentration, the relation is 
proportional, while at higher concentration it is inversely proportional. More 
discussion can be found below in the form of a breakdown of different frequency and 
current changes. The dynamic range of current increases, in relation to starting 50 nM, 
is much smaller than that of ferrocene-L1 1.8 contribution, which is at least one order 
of magnitude higher in comparison to the two-step method.  
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3.9 Square wave voltammetry Peak potential  
               
Figure 3-23  Lysozyme concentration dependent SWV peak potential change.        
The peak potential shift is much steeper at the low lysozyme concentrations. The half-
height of the plot is at around 100 nM (Figure 3-23).  The extent of the data point 
scatter is very significant.  
3.10 Peak current dependency on frequency 
The current dependence on lysozyme is a function of wave frequency. At 50 Hz, the 
current reaches a plateau at 400 nM before becoming inversely dependent on 
lysozyme. The extent of current decrease is inversely dependent on the frequency. At 
5 Hz, each half cycle lasts 100 mini seconds, and the plot becomes more of a binding 
curve, with the change of the current saturating at higher concentration.  
There is other evidence that the electron transfer rate may be slowed down to the 
extent that no oxidative completeness is possible at higher concentrations. The point 
where the current starts to fall from the peak shifts from 600 nM to 400 nM for 5 and 
50 Hz correspondingly. In summary, the current is dependent on the wave frequency 
and lysozyme concentration. The relationship can be expressed as such: 
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Equation 3-5 current and concentration in relation to frequency and surface exchange kinetics 
                                             
),(*
)*,,(
0
0
s
sp
kfhC
kCfgI
=
=
 
In general, the current should increase either as the concentration of 
ferrocene/ferricinium increases or as the frequency increases. However, the factor of 
ks links and restricts the dependence of frequency and ferrocene and ferrocinium. For 
example, at 1000 nM, the electron transfer rate is slower than the scan rate 5 Hz or 0.1 
second, since the high concentration causes a slower transfer rate, which results in the 
reduced current. As a result, the surface chemistry becomes a quasi-reversible 
reaction, which is limited by the electron transfer rate rather than the mass transport.    
As for the molecular mechanism, the reduction of the exchange rate may be the result 
of the increased capacitance. We have seen the anodic impedance increase in the CV 
plot. The two-step method may have reduced the availability of the ferrocene by 
moving the non-specific complex. The reduced quantity results in increased resistance 
especially when there is more lysozyme attached to the surface.  
The plots of current and frequency are linear when lysozyme is 400 nM and 750 nM. 
This fits to a surface bound model and agrees with the thin-layer hypothesis.  
3.11 Control experiment of sensor non-specific interactions 
Although we have seen a good affinity between the aptamer and lysozyme, the 
specificity of the aptamer might be lost after immobilisation. The aptamer could 
cross-react with more molecules more promiscuously. Among non-covalent 
interactions, the salt bridge is more likely to be the source of any non-specific 
interaction, compared to Van de Waals or hydrophobicity. We conducted a set of 
assays to evaluate the specificity of interaction between electric chemical responses 
and lysozyme. The assays were to titrate the sensor with non-specific proteins, which 
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are charged at pH 8. In consideration of the negative control, molecular weight and 
net charge were explored. The hen egg-white lysozyme has a molecular weight of 14 
kDa and a pI of around 11. Two binding controls were designed and tested. The  
protein molecules can have positive or negative net charge in a given pH. We tested 
the theory of net charge effect on the electron transfer. Two chosen proteins have 
either positive or negative net charge at neutral pH. The first one is trypsin and the 
other is lactalbumin.  
 We tested the non-specific binding on the electrode prepared by the one-step 
immobilisation method. The aptamer was hybridised with 1.3 fold of ferrocene-L1 
before immobilisation. The reaction apparatus remained the same.  
3.11.1 Positive Charged Non-specific Protein 
The molecular weight of bovine trypsin is 23.3 kDa. It is slightly greater than 
lysozyme, and the isoelectric point, pI, is 10. At neutral pH, trypsin is positively 
charged. The trypsin titration was first carried out on an electrode to record the SWV, 
and a lysozyme titration followed immediately at the end of the trypsin titration. The 
concentration range of trypsin is from 50 nM to 1000 nM. There is a small trypsin  
 dependent peak current change, relative to the change in lysozyme titration. The peak 
is generally broader. The peak current change is about 1.3 fold from 50 nM to 1000 
nM. (Figure 3-24) In comparing, it is a 10 fold change with lysozyme in the previous 
section.  
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Figure 3-24  Plot of Trypsin titration from 50 to 1000 nM (A) and followed lysozyme titration 
into the same reaction cell (B) 
A control titration by lysozyme shows the same characteristic voltammogram as a 
positive control for the activity of the electrode. In terms of charge, trypsin is similar 
to lysozyme. Given the fact that the charge density is the same, the trypsin titration 
has far less current change in comparison with lysozyme. What we have seen in the 
previous session is that the current increase cannot be explained by charge interaction  
alone. However, trypsin titration demonstrated to some extent the charge-dependent 
current increase. The non-specific interaction between trypsin and DNA may be 
reduced by increasing the salt concentration to shield the charges.  
3.11.2 Negative-charged Non-specific Protein 
The other test is to use a negative charged protein, alpha lactalbumin, to test the  
hypothesis that the peak current is not caused by other charge interaction. The 
correlation under test is the effect of negative charge. The molecular weight of alpha 
lactalbumin is 14 kDa, which is very close to the size of lysozyme. It has an 
isoelectric point at about 4. At neutral pH, the protein is negatively charged after de-
protonation. The voltammogram shows no alpha-lactalbumin dependent current 
change while the electrode still responded to the lysozyme titration. (Figure 3-25) 
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Judging from the large impedance observed in the SWV, there is no significant 
binding of alpha lactalbumin to the surface. We did not observe significant faradaic 
current in the alpha lactalbumin titration.  
When comparing the titrations between trypsin and alpha lactalbumin, it is obvious 
that the current is dependent on the trypsin titration. Based on the change, if caused by 
charge attraction, the non-specific charge interaction is about 13% of the total change 
in lysozyme titration.  
A 
 
B 
 
Figure 3-25 Ip-E  plot of alpha-lactalbumin titration from 0 to 500 nM (A) and followed by 
lysozyme titration in the same reaction cell (B) 
3.11.3 Aptamer duplex denaturation on the sensor surface   
We assumed that the ferrocene-L remained on the surface after lysozyme binding. The 
molecular binding mechanism is peculiar. In order to explore the interactions, we 
designed a null binding reaction where the ferrocene-L1 denatured chemically from 
the aptamer without a target, such as lysozyme, binding. There are a few methods for 
denaturing a double stranded DNA, such as adding a chaotropic agent, increasing the 
temperature, and through the de-protonation of the purines and pyrimidines. 
Temperature is a two-edged sword. It is useful to denature the DNA by increasing the 
thermal energy as there is no need to add new compounds, such as chaotropic agents, 
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but the downside is that the thermodynamic function is dependent on the temperature. 
The alteration of the temperature not only causes the denaturation of DNA but also 
results in different surface chemical, electrical, and structural equilibrium. Similarly, 
adding a chaotropic agent for denaturation involves the modification of the dipole 
moment of the solution and the introduction of many moles of agents. On the other 
hand, the de-protonation can be achieved by changing the pH of the solution. 
Typically, a fraction of the concentrated sodium hydroxide salt is added. In the 
process, any effect on the thermodynamic constants should come from the increased 
ionic strength by the extra sodium ion. Considering that the sodium ion concentration 
change from pH 8 to 12 is about 10 mM, this is acceptable given the existing salt at 
100 mM sodium chloride and 2.5 mM magnesium chloride.  
                    
Figure 3-26  pH dependent current change of aptamer-ferrocene-L1 sensor. The scan 
rate is 50 mV/s.  
 A titration of pH was conducted without the electrode in the 5 mL reaction vessel, in 
order to establish roughly the amount of alkaline needed for a new pH value from the 
buffer (Figure 3-26). The pH is a term in Henderson-Hasselbalch equation. 
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Equation 3-6 Henderson-Hasselbalch equation 
                                      
The buffer species in the system is comprised of 10 mM Tris and DNA on the 
electrode at pH 7.8. The pH of the solution after alkaline is added is a function of the 
buffer capacity,  
Equation 3-7 definition of buffer capacity 
                                          
The β is a function of the concentration of the buffer species and of pH. The buffering 
effect from DNA on the electrode is not significant, given the quantity of ferrocene-
L1 around 109 molecules in a 5 mL vessel. The titration of the aptamer electrode was 
also monitored by a pH electrode, from pH  7.5 to 12.5. 
A B 
 
Figure 3-27 pH titration curve (A) the oxidation (black dot) /reduction (red dot) potential 
vs. pH, (B) the oxidation (green dot) /reduction (red dot) peak current vs. pH. The 
titration experiment was not repeated enough times to produce error bars. 
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Both the oxidation and reduction peak currents increase with the pH value between 
pH 7.5 and 10. The current peak drops from the maximum at pH 10 to an undetectable 
peak at pH 12.5 (Figure 3-27 and Figure 3-28). The surface was prepared in exactly 
the same way as in the previous experiment with the MSA blocking. At the start of the 
titration, there is no faradaic current because the MSA blocking the ferrocene access. 
The faradaic current between pH 7.5 and 10 correlates with the increasing freedom of 
movement of the ferrocene-L1. Interestingly, when the pH is higher than 10, the 
faradaic current drops slightly until pH 11.8 and it becomes undetectable at 12.5.  
We know that the pKa values of the proton at the nucleotide bases are around 9 to 10 
[150]. The faradaic current change has a correlation with the pKa of the proton. When 
the pH is around pKa, the deprotonated to protonated ratio is 50: 50. The ferrocene-L1 
may remain associated with the aptamer without being either fully hybridised or 
completely dissociated. The residual weak association keeps the ferrocene-L1 on the 
surface with more flexibility to be close to the surface. As the pH increase exceeds the 
pKa, there is less than 1% of the proton available for nucleotide base stacking and 
pairing at pH 12. All the hydrogen bonds between the aptamer and ferrocene-L1 will 
be lost and the ferrocene-L1 may diffuse into the bulk solvent. As the result, there is 
no ferrocene left on the surface and the o faradaic current disappears.  
After the titration at pH 12.5, adding lysozyme did not recover the faradaic current. 
On the other hand, the aptamer would have lost much hydrogen bonding, if critical 
with the lysozyme at such a high pH value, but more importantly, the hybridisation 
appears to be crucial for providing the faradaic current. It is reasonable to assume that 
the surface charge of MSA nor non-specific interaction with lysozyme keeps the 
ferrocene-L1 on the surface. The increased faradaic current should be dependent on 
the hybridisation between the aptamer and the ferrocene –L1. 
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Figure 3-28 The pH effect on aptamer-ferrocene-L1. . The black line represents the CV in 
pH 7.4. The red line represents the CV of the aptamer-ferrocene-L1 in pH 12.5. The scan 
rate is 50 mV/s. 
To further investigate the surface, we prepared the electrode without the MSA 
blocking. As the result, there was a background current without lysozyme binding. At 
pH 12.5, the background current also disappeared. The ferrocene-L1 did not remain 
on the surface. The MSA is negatively charged at pH 7 or higher due to the carboxylic 
group. The charge interaction between the carboxylic group and the DNA will be one 
of repulsion. The adsorption of the ferrocene-L1 on the MSA surface is less likely.  
We propose that the lysozyme dependent faradaic current change is the result of the 
specific binding to the aptamer. This takes into account the surface adsorption, 
charge-dipole interaction, and the dimension of the lysozyme. The binding of the 
lysozyme seems to loosen up the ferrocene-L1 without making it soluble completely. 
As the result, a complex of aptamer, lysozyme and ferrocene-L1 is formed.   
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3.11.4 Distant dependent ferrocene signal  
3.11.4.1 Cyclic Voltammetry 
The second oligonucleotide, ferrocene-L2, hybridises to the 3’-end of the aptamer, 
which is on the far side of the surface. This is to explore the distance effect mainly on 
the electrochemical reaction. The setup of the experiment used one-step 
immobilisation. The aptamer was pre-mixed with one part of the ferrocene-L2 per 
aptamer. (Figure 3-29) The voltage sweep rates used were in the same range as the 
other experiments as well as the range of lysozyme concentration. The most 
noticeable difference between L1 and L2 was the shape of the CV. L2 shows a more 
quasi-reversible behaved CV compared to L1. (Figure 3-29)  
                        
Figure 3-29 The lysozyme dependence CV titration from 0 to 1000 nM with ferrocene-L2 
immobilised electrode.   
PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com
166 
 
Figure 3-30 The lysozyme dependent SWV peak current change of L2. 
Another factor to look at is the peak potential separation. The separation increases 
from 150 mV for L1 to 220 mV for L2. The potential for ferrocene oxidation is at 0.3 
V compared to the 0.18V in L1 oligomer. Hence, the oxidation peak shifted to the 
more anodic direction and the reduction shifted toward the cathodic side. This can be 
the result of increased distance between the ferrocene and the surface, thus the 
electron transfer becomes more difficult in this scenario than the L1. Although the 
ferrocene was still attached to the aptamer, the CV was more like a quasi-reversible 
diffusion model.   
3.12 Square wave voltammetry 
We also looked into the reading of the SWV of ferrocene-L2 (Figure 3-30). The scan 
rate was fixed at 50Hz, since we have been able to see different peak current models 
for one or two step methods at this scan rate. The capacitance current is more 
significant with L2 using a one-step immobilisation method. The peak shape was 
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broadened and the net current reached maximum when the lysozyme was at 450 nM. 
The electron transfer rate was the limiting factor and it is possible that the electron 
transfer rate was affected by the distance of the ferrocene according to Marcus theory 
explained in the introduction chapter.  
3.13 Surface blocker effect 
The surface treatment of the electrode has direct impact on non-specific adsorption 
and on the organisation of the aptamer and the protein target. Typically, the blocker 
can form a uniform layer that fills the gap between the aptamer, which reduces the 
aptamer adsorption to the surface. We used mercaptosuccinic acid as the blocker, for 
the small size and negative charge at neutral pH. MSA forms a thiol-Au bond with the 
gold surface. The self-assembly monolayer by MSA is as thin as there either one or no 
linker atoms between the carbon-sulphur and the carboxylic groups. (Figure 3-31A) 
A 
 
B 
 
 
Figure 3-31 The structure of MSA (A) and butanethiol (B) 
The aptamer/ferrocene –L1 complex is much larger than MSA. There are a 6 C-C 
linker and eight nucleotides between the surface and the ferrocene on the L1. We have 
shown the MSA blocking prevented the ferrocene-L1 adsorption to the surface before  
adding lysozyme. There is a concern that the negatively charged carboxylic group 
may form salt bridge with the ferricinium, which is positively charged. In order to 
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explore the possible surface charge effect, we designed a short assay in which 
butanethiol was used to replace MSA. 
A B 
C  D 
 
E  
F 
Figure 3-32 Lysozyme dependent current change of butanethiol blocked surface. Cyclic 
voltammogram (A) and its peak current vs. [lysozyme] at 50 mV/s (C). Square wave 
voltammogram (B) its peak current vs. [lysozyme] at 50 Hz (D). Scan rate (E) and frequency 
(F) dependent current change vs. [lysozyme].    
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Figure 3-33 SWV peak potential change of butanethiol assays titrating lysozyme.  
Butanethiol is also a small SAM molecule, which forms a non-polar surface. (Figure 
3-31B) The SAM layer should be much more compact relative to the MSA. The 
thickness of the butanethiol SAM should be thin enough without burying the 
ferrocene-L1. The experiment setup uses one-step method with m value being 1.8. 
The peak current changes in both cyclic and square wave voltammogram are 
comparable to these using MSA blocking. It shows similar binding affinity judging 
from the titration curves. (Figure 3-32C and D) There is a shift of peak potential 
toward the cathodic direction. There has been around 30 mV difference in SWV peak 
potential from lysozyme at 150 nM to 800 nM across different scan rates (Figure 
3-33). .From the analysis of frequency or the scan rate (Figure 3-32F and E), the event 
is a surface bound model that fits into the thin-film theory. It is reasonable to conclude 
that the electro chemical response of ferrocene-L1 did not depend on the surface 
charge or polarity.  
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3.14 Discussion  
There are reports in the literature describing aptamer biosensors using electrochemical 
transducers. Aptamers are relatively short oligonucleotides because the selection 
process, it is easier to understand the structural effects from modifications and 
chemical attachments after the selection process. There are more options when it 
comes to attach electrochemical element to  aptamers. Here is a short list of a few 
examples: 
1) Measuring redox accessibility to the sensor surface, exemplified in Wang’s paper 
[103]. In the report, the targets formed complexes with the aptamers on the sensor. 
The binding modulated the surface charge density as well as structural landscape. The 
association of ferricyanide in the solution to the sensor surface was modulated by the 
target-aptamer formation. Measurement of ferricyanide diffusion indicated the target 
binding of aptamer ligand.   
2) Detecting the displacement of a redox label by target-aptamer formation[92]. In 
this example, a complementary oligonucleotide was attached to methylene blue. The 
target, thrombin, competed with the labelled oligonucleotide which was anchored on 
the sensor. The binding of thrombin is monitored by the interaction of the methylene 
blue and the sensor surface.  
3) Monitoring the conformational change of the aptamer by target binding[80, 144]. 
Examples were illustrated the most for thrombin aptamer because of the known 
aptamer conformational change upon thrombin binding to the G-quadruplex.  
In all of above examples, target binding to the aptamer has resulted in an 
electrochemical response; however, the exact nature of that response depends on both 
the electrochemical measurement methods and the aptamer. The methods described in 
the first two examples are for end-point measurement. They are not suitable for 
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continuous measurement of the analyte, for which the change of concentration can be 
traced over a period of time.  
3.14.1 One-step titration binding model assumption 
All results from one-step and two-step titrations showed current and potential in 
response to analyte. Although it is not in the signal-off mode as proposed . The 
discussion of the one-step immobilisation is summarised in the following points. 
Firstly, current increased as analyte in the solution until the concentration reached 3 to 
4 times above its dissociation constant. The current then reached plateau and fell as 
the analyte concentration increased further.  
Secondly, The amount of ferrocene attached oligonucleotides on the surface could be 
effected by the ratio and concentration during the aptamer/oligonucleotide 
hybridisation.. 
As the plot Figure 3-9 shown, the early testing result displays a signal of a high-dose 
hook effect [151]. Typically, this effect occurs in two-site  immunoassays where at 
high analyte concentrations there is a decrease in the assay response signal. It occurs 
since the analyte concentration exceeds the binding capacity of both the capture and 
the labelled antibodies in the assay reagents, resulting in the incomplete formation of 
the immune complexes for the signal production. Because of the similarities in the 
signal pattern, we speculate that 150 nM of lysozyme exceeded the binding capacity 
of both the aptamer and the ferrocene labelled L1 oligonucleotide. The same current 
and aptamer dependency relationship was observed as when m=1. It suggested that 
when the m=1.2, the combination with the aptamer was not capable of measuring the 
analyte concentration above 200 nM.  
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3.14.1.1 Ferrocene surface density analysis 
From one-step titration method, the maximum peak current in SWV is when the 
concentration is at 1 µM as the m=1.8. The current is 1.7X10-6 A.  The charge 
transferred can be calculated from the area underneath the forward peak, which is 
2.3X10-7C. The total electron transfer in the oxidation half cycle can be calculated 
based on the constants of electron and property of the ferrocene/ferrocinium reaction. 
One electron carries 1.6X10-19 C and the electrochemical stoichiometry from the plot 
is assumed one electron transfer per ferrocene. Thus the total amount of electrons 
transferred in this half reaction is roughly 1.4X1012 molecules.  
If we can use a generic surface density of a standard monolayer, we can roughly 
estimate the amount of aptamer on the surface as well as ferrocene, to some extent. A 
typical surface modification can result in 1X1012 molecules/cm2. The roughness of the 
in-house fabricated electrode surface area is typically around 3 characterised by the 
sulphuric acid cleaning CV . Given the intersection area of the flat gold wire (0.00049 
cm2); we can estimate the amount of the aptamer on the surface by multiplying the 
average density to the idea surface area, which is 4.9X108 molecules. The next step is 
to factor in the roughness of the electrode at the value of 3, we can then assume that 
the maximum load of the aptamer is 1.5X109 molecules. This value is 1000 fold less 
than the number of ferrocene-L1 molecules. From the evidence of SWV and CV, it is 
very likely that more than one ferrocene-L1 associates with an aptamer molecule.  
Equation 3-8 dissociation constant for aptamer/short oligonucleotide ferrocene-L1 
 
Another way of estimating the surface hybrid is via thermodynamics. If we assume 
the association between aptamer and ferrocene-L1 only depends on the sequence 
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dependent hybridisation, the concentration of ferrocene-L1 can be estimated using the 
free energy. The free energy of the hybridisation can be calculated using the software 
simulation. The dissociation constant, Kd, can be derived from the delta Gibbs free 
energy, such that,  
                                            
The calculated hybrid is about 3 nM. This value gives the total amount of hybridised 
complex at 1.8×1010. The value is significantly higher than maximum load of the 
aptamer.  
Neither of the calculations produces a value of ferrocene that is close enough to the 
observed quantity, which stands for 1.4×1012 molecules. The charge transfer 
calculation supports the finding. We have seen the cooperative mode of peak 
current/potential dependence on the lysozyme concentration. We also observed a 
current increase proportional to the lysozyme. As mentioned above, there is likely a 
multiple ferrocene-L1 on one aptamer, which can explain the increased current as well 
as the unusually high surface density. We suggested that there were multiple layers of 
the aptamer ferrocene L1 complex rather than a mono-layer coverage.  
This charges passed compared to the size of the electrode has not been much 
discussed in literatures. In Xiao’s paper [92], in which the surface was immobilised 
with an anti-thrombin aptamer and it is a complementary oligonucleotide, the 
maximum current from differential pulse voltammetry was 103 nA passed through a 
gold disk with a diameter 1.6 mm. This is calculated to be 5.150 µA/cm2 , in 
comparison to our experimental results of  346 µA/ cm2 (1.7 µA vs. 0.00049 cm2), it 
suggests that the number of short oligonucleotides loaded onto the sensor is almost 
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1000 fold more than a monolayer coverage of thiolated aptamer with its 
complementary strand.  
Another example of a signal-on sensor is the anti-cocaine aptamer sensor[23], in 
which upon cocaine binding, the aptamer folds into a 3 stem junction structure with 
the redox molecule being able to be detected. The sensor showed an AC voltammetry 
current increase of 15 nA from 0 to 500 µM of cocaine, which is almost 5 times of the 
Kd value. The experiment was also done on a 1.6 mm gold sensor. Repeatedly, the 
maximum peak current was in nano-ampere range. However, in current response vs. 
concentration diagram displayed, at some region, a minimum 1% change in peak 
current per 50 µM analyte concentration change, the accuracy of the measurement is 
doubted. Whereas, the sensor we have fabricated carried multilayers of ferrocene 
attached oligomers, therefore the current amplitude has greatly increased, the 
difference in the observed voltammogram peak current is significant for two 
consecutive lysozyme concentrations (50 nM difference)in the titration series.  
3.14.1.2 Aptamer binding model analysis 
The data obtained from both one step and two step immobilisation methods were best 
fitted to a sigmoidal model. which was suggested by the co-operative kinetic model in 
enzyme assay [152], in which it assumed the two-binding site model, that the two 
substrates bind simultaneously to different portions of the active site. This means that 
the occupancy of either site by one substrate would change the binding affinity of the 
vacant second site. If we were to assume the same for this assay, the low 
concentration of the target and aptamer association may have resulted in the change 
the surface layout so that the non-accessible ferrocene become easier to transport the 
electron to the electrode. From the fitted binding curve, an apparent binding constant 
can be estimated using 50% of the saturation. This gives roughly 200 nM of the 
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dissociation constant. The observed surface binding constant is slightly higher than 
that measured using MALDI-mass spectrometer at 130 nM. 
Another interesting observation is the baseline reading in the absence of analyte. As 
we all know, small SAM molecules such as hydroxyl-hexanethiol and MSA are 
common blocker molecules to prevent non-specific adsorptions of oligonucleotides 
[24], where the electrochemical current can still be observed after the blocking 
procedure. In this system, however, the blocking using one of the shortest alkanethiol 
molecules has resulted in the loss of the current. As blocking changes the surface 
packing, it could results in the over-crowding of the surface, steric bulk of the closely 
packed DNA probes precludes collisions of redox molecule with the sensor interface, 
leading to signal suppression [25]. 
Another possibility of our results was compared to the system of buried and exposed 
ferrocene [26]. As we know the complete sequence ferrocene oligonucleotide 
hybridised to a lower end section of the aptamer, thus is a more buried redox 
molecule. In the reference, the AC voltammetry data showed a sequence of ferrocene 
attached thiolated C12 chain either mixed with a C22 chain (buried form) or on its 
own (exposed form). The current from the earlier showed a current of 1x10-8 A at 5 
Hz, while the latter showed an almost unidentifiable signal as shown in Figure 3-34 
due to the inaccessibility of electrolyte.  
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Figure 3-34 .The AC voltammetry of monolayer A of Fc-C12H24-SH/C12H24-SH and 
monolayer C Fc- C12H24-SH/C22H45-SH at 5, 50 and 500Hz, from [26]. 
Similarly, our sensor system in the absence of analyte, the ferrocene is buried from 
the electrolyte, negligible current were observed from 5 to 50 Hz from square wave 
voltammogram. On the contrary, the binding of the analyte destabilised the hybridised 
complex, exposed the ferrocene to the electrode, and surrounding electrolyte assisted 
the electron transfer.  
In conclusion, although we do not have a definitive explanation for this, it is 
speculated that the lysozyme, rather than displacing the labelled oligonucleotide 
causes a condensation of the multi-layered aptamer/probe layer on the electrode that 
results in a decrease in the average distance of the ferrocene reporter from the surface. 
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   Two-step immobilisation One-step immobilisation 
CV 
S
W
V 
parameter Description  Description 
+  Ip vs. v 
Surface confined model ∆I/∆v 
decrease as [L] increase 
CV appeared to be diffusion 
model, ∆I/∆v increase as [L] 
increase 
+ + Ipvs. [L] 
Peak potential shifts to cathodic 
direction as the lysozyme 
concentration [L] increases.  
Peak potential shifts to 
cathodic direction as the 
lysozyme concentration [L] 
increased. 
- + 
(Ipvs.[L]) 
vs. f 
The current depends on lysozyme 
when the frequency is slow. The 
current drops when frequency and 
lysozyme concentration are both 
high 
The plot fits to a sigmoidal 
model and the peak current 
reaches saturation at approx. 
550 nM. 
+ - EO-ER 60 mV 120 mV 
- + 
Dynamic 
range of Ip 
10-9-10-8 A 10-7-10-6 A 
 Table 3-2 Comparison between the experimental results form one-step and two-step 
immobilisation method 
We have also studied the surface density from two-step immobilisation method. The 
total amount of aptamer on an electrode is 4.9×108 molecules, calculated from the CV 
results. Taking the roughness factor into consideration (the ratio of real surface area 
and the theoretical surface area), the maximum load of the aptamer molecule might be 
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1.5×109 molecules. Assuming the aptamer to ferrocene-L1 ratio is equal, it is likely 
that the hybridisation was specific to one aptamer per ferrocene-L1 as well as the 
surface aptamer being a monolayer. Compared the two immobilisation methods, the 
number of ferrocene in the one-step method, 1.4×1012, is more than 1000 fold higher 
in comparison with the two-step method. Although the measuring method is limited, it 
should be safe to say that  immobilisation by two-step method produced a surface 
closer to the mono-layer while the one-step immobilisation results in a thicker layer, 
with multiple complex formations perhaps involved.  
3.14.2 Comparison between one-step and two-step experiment 
results 
The differences in experimental observation between the two methods are compiled in  
Table 3-2 with an emphasis of the peak current and potential changes during the 
lysozyme titration.  
3.14.3 pH titration  
The purpose of pH titration experiment is to help us in understanding the surface 
mechanism during the analyte sensing step, as observed,  the current signal increased 
as the pH value increased from 7 to 10, then the further pH increase only cause the 
surface current to drop until the CV completely lose its shape at pH 12.  
We speculate that the small oligonucleotides started dissociation from aptamers on the 
surface when pH is higher than 10. This is indicated by the current change in Figure 
3-26. At pH lower than 10, we observed an increase of current from pH 8 to 10. It is 
sensible that the hydrogen bonds between two DNA strands decreased as the result of 
de-protonation when pH approaching the pKa of the dissociable protons. The current 
increase could be explained by the increase of oligonucleotide’s mobility as the result 
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of the de-protonation process. When the hybridisation between strands were weaker 
but not dissociated, the acquired structural mobility increased the number of the label 
in proximity to the sensor surface. As the result, the current increased as the pH 
increased from 8 to 10. This emulated a similar situation in comparison with anti-
lysozyme sensor in response to the analyte. When the pH is higher than pH 12, 
significant amount of the oligonucleotides were dissociated from the aptamers and 
diffused into the bulk solution. In the end of the reaction, the sensor would have lost 
most of the labelled oligonucleotides. The dissociation process was clearly not 
reversible. The depleted sensors did not show detectable current when sensors were 
moved to a pH 8 solution.  
 
3.14.4 Compare with other displacement aptasensors 
 
Figure 3-35 Peak potential from lysozyme at 150nM to 800nM across different scan rates 
[153]. 
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Figure 3-36  The Differential Pulse Voltammetry of the complementary aptamer biosensor. 
The plot shows dependence of target s and displays a sigmoidal type of response. 
The complementary aptamer strategy has been used [153]in biosensor construction 
(Figure 3-35), the same reporter molecule was used. However, instead of 
immobilising the aptamer as in the experiments described in my thesis, the fully 
complementary strand is immobilised on the surface with the reporter attached at the 
other end. The Differential Pulse Voltammetry measured current in response to the 
concentration of target showed a sigmoidal type of binding curve Figure 3-36, similar 
to the binding signal profile described in this lysozyme sensor. Furthermore, the 
sensor requires heating for the cDNA to anneal, which subsequently brought the 
ferrocene close to sensor surface resulted in the current increase. 
After all, signal-on sensor offers advantages as opposed to signal-off type of sensor as 
it generates a positive signal [18]. In the latter case, as current subtracted during the 
titration, it may reach a baseline due to the limitation of the instrumentation and not 
distinguish different concentrations of analyte after reaching that limit. 
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Comparison experimental data from using two blocker mlecules 
 MSA surface  Butanethiol surface   
Peak potential (0 to 800 nM) 
change (mV) 
32 30 
Maxi CV oxi/red at 50 mV/s 
peak current change  (A) 
0-1.x10-7 at 1000 nM 
0 to -1.7x10-7  at 1000 nM 
0 to 2.5x10-8 at 400 nM 
0 to -1.5x10-8 at 400 nM 
SWV 50 Hz peak current 
change (A) (Lysozyme 0 to 
800 nM) 
0  to 1.6x10-6 0 to 1.34x10-7 
Table 3-3 Summary of observation from the result of two blockers. 
In another approach called target responsive electrochemical aptasensor (TREAS) for 
detecting ATP [17], the aptamer is double modified at both ends with S-H and 
Ferrocene group respectively. In the presence of the complementary strand, the 
attached ferrocene is distal to the surface and no current was read from the SWV 
measurement. ATP binding split the duplex structure enforcing the ferrocene proximal 
to the surface, the SWV current thus is dependent on the number of proximal redox 
molecules, the more ATP resulted in a higher current. The maximum current was in 
µA range similar to our maximum current measurement, but the sensor surface area 
was not mentioned in this study. 
 According to the above example, the number of analyte is positively correlated to 
amplitude of the electrochemical current, the physical distance of ferrocene is  
required to be closer to the sensor interface caused by analyte-aptamer complex 
formation.      
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This reinforced our early mentioned multilayer condensation model, via the 
lysozyme-aptamer binding, the ferrocene L1 hybridised in the lower middle section of 
the aptamer, electron transfer event was completely blocked off after MSA  
immobilisation events. The liberation of the small oligonucleotide became proximal  
to the surface in favour of the interfacial electron transfer as showed in the TREAS 
ATP sensor.   
3.14.5 Surface blocking molecule effects  
The purpose of using two blocker molecules is to test if hydrophobicity plays a part in 
the experimental results, since the charge carried over the MSA molecules may have 
stabilised the aptamer-analyte-oligonucleotide formation.  
From(Figure 3-32, Figure 3-13 and Figure 3-17), we recognised that the MSA 
blocked surface was better performed in terms of changes in CV and SWV peak 
current was more pronounced with a 10 fold more signal, as well as the titration 
trends observed with MSA blocked sensor was more consistent. 
3.15 Conclusion 
The electrochemical behaviour of the aptasensor described in the chapter showed 
increased signal after added target. The labelled oligonucleotides did not diffuse to the 
bulk solution as were expected. In the thesis, a novel mechanism is proposed. Instead 
of displacement by substrate binding, the lysozyme might cause a local condensation 
involving multiple aptamer and small labelled oligonucleotides. The condensation 
might happen when the labelled oligonucleotide remained partially hybridised through 
base-pairing or associated with the complex through electrostatic attraction. As the 
result of the partial displacement, the small oligonucleotides obtained more flexibility 
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and mobility. The average surface distance of the ferrocene reporter would be reduced 
and hence the current increase. [5] 
This is a single-use aptamer molecule based on an affinity biosensor platform. The 
refined protocol for constructing the device is robust and tested repeatedly with 
different batches of aptamers and reagents, also other personnel in the lab.  
The device can potentially be regenerated in a stringent environment, so that the used 
short oligomer and aptamer-target would be fully dissociated from the surface, and 
then with a fresh short oligomer solution incorporated to the previous immobilised 
aptamer. We have also thoroughly compared the results obtained from one-step and 
two-step immobilisation in Table 3-2. The most significant difference in this 
comparison was the fact that the peak current range showed a 100 fold difference. 
Furthermore, both polar and non-polar surface blocking molecules offer the device 
with the similar response in relation to the target concentration changes, although the 
MSA sensor was better behaved as well as having a more significant current change 
during the titration.  
We have further published a short discussion paper to discuss the sensor behaviour 
and as the lysozyme titration results suggested, despite the signal-on results, its 
potential as a point-of-care device should be exploited [154].  
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Chapter 4. Aptasensor Platform II: Hairpin 
Method  
4.1 Introduction 
The second part of the study describes an aptasensor platform employing a hairpin 
aptamer. The structure, commonly seen in single-stranded nucleic acid, is due to the 
head-tail hybridisation. An oligonucleotide hairpin has two parts, a double-stranded 
duplex stem and a single-stranded loop. A molecular beacon is a signalling nucleic 
acid that depends on the hairpin structure. The open-close action of the hairpin serves 
as the on-off switch for the beacon. The switch between closed and open states is 
associated with a binding to the loop and a breaking of the duplex of the stem, as 
shown in Figure 4-1. This is achieved by placing a fluorophore and a quencher within  
a distance that permits efficient Forster resonance transfer or the contact of flurophore 
and quencher. Opening the hairpin moves the fluorophore away to allow efficient 
energy transfer. The energy of the excited fluorophore follows a decay pathway that 
leads to the proton emission [105, 155, 156]. On the other hand, in the closed form, 
 
Figure 4-1 The illustration of an equilibrium of hair-pined oligonucleotide with a short 
complimentary oligo.  The hairpin structure (blue) is denatured by the hybridisation of the 
short oligonucleotide (black).  
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the 5’and 3’- nucleotides of the end of the stem are likely to as close as a few 
angstroms as shown in Figure 4-2:  
The original molecular beacon design of Tyagi and co-workers was based on the 
hybridization of the target sequence to the loop. Signalling quenched in the probe was 
released by the hybridizing another sequence in solution.  
                                 
Figure 4-2 The solution NMR structure of a DNA hairpin. The sequence of the hairpin is 
ATCCTAGTTA TAGGAT. [157] 
On closer inspection, the structure of a single-stranded DNA highlights the fact that 
the distance between two neighbour backbone phosphor atoms is about 0.5-0.7 
angstroms. When the hairpin is opened, the average length of the single-stranded form 
would be much less than the distance times the number of the nucleotides. This is 
because the single-stranded DNA forms many local random coils and/or secondary 
structures. As the result, the single-stranded DNA would be even shorter than a 
double stranded DNA of the same number of nucleotides [158, 159]. The persistence 
length (the distance over which the direction of a polymer segment persists) of the 
single-stranded DNA is about 0.7-1 nm, while that of a double stranded DNA is about 
45-50 nm[160, 161]. By definition, the sections of a polymer beyond the persistence 
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length move independently to the previous and next sections. 50 nm is about the 
length of a 150 base-paired DNA. A double-stranded DNA shorter than that the above 
length should act like a flexible rod. On the other hand, 1 nm corresponds to about a 
few nucleotides in a single-stranded DNA. A single-stranded DNA of 50 nucleotides 
would act more like a random string. There is a chance that the single-stranded DNA 
could be adsorbed on the surface if there is an attraction for it. In a typical molecular 
beacon application, the closed stem loop structure is stabilised by base pair 
hybridisation.  
The molecular beacon strategy has applications in many fields.  It should be 
particularly useful in electrochemistry because of the sensitivity of the current to the 
distance of redox centre from the electrode surface. The current is then a function of 
the variation of the hairpin conformation. For example, the hairpin is immobilised on 
an electrode surface by one end. On the other end, a redox species, such as ferrocene, 
is conjugated through a linker or directly to the terminal nucleotide. The opening up 
of the hairpin would result in the ferrocene being at the end of a flexible string rather 
than held rigidly close to the surface. There is only one single molecule that integrates 
three functions, including immobilisation, binding, and redox signalling. However, 
this approach has some trade-off in terms of the simplicity of the design. The 
compromised weakness is the existence of a number of undefined structures when the 
hairpin is open. The number of possible conformations could be large, depending on 
the size and sequence of the hairpin. Alternative structures are not a problem per se 
but there is a significant likelihood that these conformations are sensitive to factors 
such as ion concentration, buffer constituents as well as target binding. The study 
described in the following sections is to illustrate the electrochemical molecular 
beacon-sensing format.  
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Knowledge of molecular physics is a limiting factor in designing a new molecule with 
the desired conformation and function. . Prediction based on sequence has limited 
success. On many occasions, the most effective way to generate a biological 
functional molecule is by conducting a screening process utilising a library of variants 
in vitro or harvesting the natural recombinant power in vivo, e.g. with an antibody.  
The approach we used for the aptamer sensor is a combination of a known aptamer 
sequence and an added on stem sequence to become a hairpin (stem-loop-stem) 
structure. The function of the folded aptamer is known to bind to lysozyme. The one 
dimensional hairpin structure can be predicted by using base pairing and free energy 
principles.  
The aptamer sensor described here only needs the hairpin structure to be sensitive to 
target binding. Unfortunately, it is not effective to predict the folding in three 
dimensions in silico after adding the stem sequence to an existing aptamer. The 
majority of software packages are designed for calculating hybridization-based 
structures, e.g. Visual OMP, IDT, Oligo, or VectorNTI. However, there have been 
reports that illustrated existing structures based on a similar concept [162, 163]. In one 
of these reports, the reporting group was caged as part of the stem. It is worth noting 
that the breaking of the stem occurred when the ligand was binding to the aptamer 
[163].  
Similarly, another example is the thrombin aptamer sensor, which upon binding to the 
target had the random coil switched to the G-quadruplet structure.[80] Fluorescence-
based aptamer sensors, where the fluorescence is sensitive to the ligand binding, have 
also been reported recently.[164] However, it is still an assumption that grafting a 
stem to an aptamer will be sensitive to the binding. Judging by the reported 
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conformation changes in binders such as thrombin aptamer, it is reasonable to expect 
the grafted hairpin structure to be sensitive to target binding. 
 
Figure 4-3 The predicted hairpin structure of the hairpin aptamer. Mfold programme was used 
for the simulation. [165] ∆G =-28.27 KJ/mol 
This can be analysed through the free energies of states. We know that the Gibbs free 
energy of the lysozyme binding is -40 kJ/mol based on the SPR data presented in 
chapter 2. The melting free energy is about -0.5 kJ/mol for AT and -6.05 kJ/mol for 
GC. The binding energy is equivalent to having a short double stranded stem structure 
of the aptamer. The binding should cause the denaturation of the hairpin.  As long as 
the hairpin structure disrupted, the electrochemical measurement of the reporting 
molecule as part of the stem structure should change. 
We added a 10 nucleotide fragment at the 3’-end of the aptamer. The sequence of the 
fragment is complimentary to the first 10 nucleotides on the 5′-end of the aptamer 
(details in Figure 4-3). The most stable hairpin structure predicted by the Mfold has a 
free energy of to -28.27 kJ/mol. The value is in line with our design for the lysozyme 
binding. The position of the ferrocene is at the 3’-end via a 6-carbon linker while the 
immobilisation end is a SH at the 5’-end via a 6 carbon linker and an amino group. 
Figure 4-4 illustrates how this would assemble on a gold surface. The hybridisation 
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energy should be easily overcome by the much larger lysozyme binding energy. The 
prediction does not take the end states of denaturation into account.  
                                                
Figure 4-4 The molecular beacon structure immobilized on the sensor surface with 5’ end S-
Au bond, 3’ end an amide bond connecting to the Fc.  
 
 
Table 4-1 The sequence and alignment of the aptamer. The bottom graph illustrates a 
possible homo-dimer structure 
There is a possibility, however, of hybridisation between two aptamers. Since the 
hairpin aptamer carried a tail-complimentary sequence at the head, the duplex formed 
by two aptamers is predicted to be much more stable structure than a hairpin. In such 
a scenario, the two aptamers form a head-to-tail duplex and only one of the strand can 
form S-Au, as the surface as the double helix would be quite rigid as the persistence 
length requirement. The inter-molecular dimer is the most stable according to the 
Gibbs free energy. The dimer as well as the hairpin is likely to be sensitive to the 
lysozyme. The free energy values of three complexes are listed below: 
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In order to keep the hairpin structure on the sensor, the immobilization step was 
performed under denatured conditions, such as a high pH or higher temperature. The 
orientation constraint will prohibit two immobilised aptamers from forming a head-
tail duplex structure. The remaining issue is the formation of an effective hairpin on 
the surface, which would be a function of the hairpin energy, surface density, and the 
ionic strength of the solution.  
4.2 Surface binding model 
The binding of the lysozyme to the hairpin aptamer can be simplified as a two 
molecule-binding event. At equilibrium condition, thermodynamic values can be 
estimated from the binding titration. We assume lysozyme binding to the aptamer 
hairpin is a simple two-component system assuming the surface does not affect the 
interaction. The lost freedom of movement of the immobilised aptamer is considered 
in the model. We also assume the surface concentration of lysozyme to be the same as 
the bulk. Titration by lysozyme changed the percentage of bound aptamer, expressed 
as a fraction, f. The dissociation constant by definition is a function of aptamer density 
[S], lysozyme concentration [L], and the bound aptamer [SL]. The expression of the 
equation is as follows: 
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Equation 4-1 definition of dissociation constant 
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The fraction of the bound aptamer, f, can be expressed as a ratio of bound aptamer to 
aptamer at the start of titration, [S]0. The peak current was normalised to the 
percentage of bound, i.e. the change in the measurement (i-i0) over the total dynamic 
range in the titration (iSAT-i0)    
Equation 4-2 fractional occupancy of aptamer 
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Fractional occupancy is a function of the dissociation as such:  
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We can re-arrange the equation by including mass balance constrain. We define the 
volume of the solution as V and the surface area of the electrode as A. The total 
amount of lysozyme is equal to the soluble lysozyme plus bound lysozyme. For the 
same reason, the total amount of aptamer is the sum of that which is bound and free.  
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The dissociation constant can be transformed as such: 
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Replace 0][SV
A
 with a  and re-arrange the equation 
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Equation 4-3 surface binding equation 
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In terms of fitting the data, we calculate the f first from the current data provided in 
CV and SWV, and then the dissociation constant could be solved for each lysozyme 
concentration when fit into Equation 4-3. The model equation was added to the curve 
fitting function at the origin, with the appropriate boundary conditions, in which the 
dissociation constant is larger than zero. All fitting curves in this chapter for peak 
current and peak potential adopted this equation.  
4.3 Ferrocene aptamer conjugation 
The design of hairpin aptamer was the same as previous described. The DNA was 
ordered from Thermo Biopolymer with HPLC purification. The conjugation of the 
ferrocene followed the same conjugation protocol. The concentration of the product is 
quantified using OliGreen kit from Invitrogen. The kit comprises a dye molecule 
which develops strong fluorescence when bound to single-stranded DNA. The 
fluorescence measurement protocol was carried out according to the manufacture’s 
manual. To address the concern of fluorescence variation from base composition, we 
used the hairpin aptamer stock as the standard in the calibration of the fluorescence to 
quantity. The average concentration of the ferrocene aptamer was 26 µM.  
Ferrocene has a distinct adsorption maximum at around 450 nm. We tracked the 
conjugation progress by monitoring the adsorption spectrum from 230 nm to 550 nm, 
which covers the adsorption maxima of nucleic acid as well as ferrocene.  
Each batch of conjugation started with a 10 nmole hairpin aptamer. The aptamer was 
mixed with a ferrocene carboxylate intermediate in sodium carbonate buffer before 
being vacuum dried to move the solvents (details in chapter 2). The excess ferrocene 
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carboxylate was removed by a chloroform/water two-phase extraction. The 10 nmole 
hairpin aptamer conjugate was divided into two tubes, each of which contained 1 mL 
two-phase solution. The extraction was repeated three times. The absorption spectrum 
was obtained from the dilution of aqueous phase from the first extraction. The 
spectrum showed a distinct ferrocene adsorption peak at 450 nm. At the end of the 
third extraction the ferrocene peak was obvious. A second aqueous dialysis was 
carried out to remove hydrophilic ferrocene derivative, which did not form aptamer 
conjugate. The volume ratio of buffer bulk to sample was 500 and the dialysis was 
repeated for three times. The ferrocene peak significantly reduced relative to the 
nucleic acid adsorption maximum (Figure 4-5). The purification efficiency was 
estimated by OD rations between 260 nm over 450 nm, since the organic ferrocene 
also showed strong adsorption at 260 nm. As shown in Table 4-2, the ratio starts from 
1.3 before the extraction and 5 at the end of purification.  
                        
Figure 4-5 The UV-vis adsorption spectra of the hairpin aptamer conjugate. The aptamer is 
conjugated with ferrocene and purified through steps of chloroform extraction, and dialysis.   
The conjugation method was similar to those described in the previous chapter. A 
denaturation step was applied to address the concern of homo-dimer formation. The 
aptamer was immobilised via S-Au adsorption under solution conditions at pH 8 or 
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pH 12. At pH 8, the solution is close to neutral and the section is referred to as a 
native immobilisation. The condition at pH 12 is labelled as denatured immobilisation, 
since there is no hydrogen bond when pH is at 12.  
Stage The Ab260/Ab450 
Sample before chloroform extraction 1.3 
Sample after chloroform extraction 1.615 
Sample after dialysis 5 
Table 4-2. The Ab260/Ab450 ratio of samples from step of ferrocene conjugation. 
For the conjugation under denaturing conditions, a slow re-naturation process was 
used to promote refolding of the hairpin structure. The electrode was moved to a 10 
mL buffer at pH 8 and heated to 70 ºC for five minutes before removing the beaker 
from the heat. The buffer was allowed to cool at room temperature for the hairpin 
formation. The surface of the electrode was then blocked by 10 mM mercaptosuccinic 
acid (MSA) or butanethiol specified in surface modification experiments.  
  
PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com
195 
4.4 Native state immobilisation 
 A B 
 
 
Figure 4-6. The SWV spectra of  hairpin aptamer immobilised under the native condition. 
The aptamer sensor is titrated by lysozyme at 50Hz (A) and 5Hz (B) 
When the first experiment was conceived, the possibility of homo dimer between 
aptamer was not fully appreciated. It was realized later that the hairpin structure was 
not as favourable as the homo dimer.  The immobilisation experiments were carried 
out under neutral pH. Using the free energy analysis, a higher percentage of the dimer 
was expected. Since the two aptamer hybridised have opposite polarity, only one 
sulfhydryl group has a favourable location for an Au adsorption reaction. The SWV 
peak current showed lysozyme dependence at 50 Hz. However, the dependence was 
distinctly scattered at 5 Hz (Figure 4-6). In both cases, the peak potential shifted 
toward the cathodic direction and the peak current reduced until saturated at higher 
lysozyme concentration.  The significant current and potential shift when lysozyme 
was present in the reaction buffer suggested that the dimer might have been 
destabilized by the lysozyme, resulting in more ferrocene on the immobilized aptamer 
being able to transfer electrons to the electrode. This, in combination with the loss of  
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ferrocene on the non-immobilised aptamer, initially dimersied with the immobilised 
one.   
4.5 Denatured state immobilization 
4.5.1 Sensor repeatability  
It was after the experiments of immobilisation in a native state that we realised the 
problem of aptamer dimer. Modifications to the immobilisation were attempted, in 
order to include the reaction at the denatured state. At first, the denaturing condition 
was achieved by performing the reaction at 70ºC. At higher temperatures, the aptamer 
should dissociate from the dimer and become a random coil. However, there seemed 
very little immobilisation as both SWV and CV methods did not detect any change. 
Finally, the denatured state immobilisation was achieved using alkaline treatment.  
Aptamer thiol was reduced with 1mM TECP to prevent disulphide bond formation 
between aptamers. 10mM of NaOH stock was filtered. 10 mM sodium hydroxide was 
added to the aptamer solution to increase the pH of the aptamer solution to 12, at 
which value all the purines and pyrimidines were deprotonated. The pH adjustment 
was aided by a micro pH electrode ISFET, where the minimal volume requirement is 
20 µL. The aptamer in alkaline was added to the gold electrode for the S-Au bond 
formation. At the end of the reaction, the electrode was rinsed in the buffer and 
refolded as described earlier. When refolding was finished, the electrode was then 
blocked by 10mM MSA. The MSA was charged at neutral pH with a monolayer of 
MSA is to prevent the DNA being adsorbed to the surface. 
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Figure 4-7. Lysozyme dependant CV (A) and SWV voltammogram (B), and SWV forward 
scan (C) and backward scan (D) The binding model fitting using the SWV net current 
change (E) and net potential shift (F) converted into percentage occupancy f  vs. 
[lysozyme]. 
For SWV, the concentration dependence was significant. The titration plot resembled 
a binding curve, which saturated at a high concentration of lysozyme. There was also 
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dependence for peak potential shift. Both plots of peak current and potential shift 
were fitted with the model equation described in the previous section. 
The values of α for both fitting are in line with each other at around 1.2. The Kd 
values are 194 nM and 333 nM respectively. The former derived from the net SWV 
peak current with the Kd value is very close to the SPR value 125 nM. 333 nM 
derived from peak potential less fitted to the curve with an R2 value of 0.83. We 
presume at this stage that the 194 nM is a more reliable value obtained from the 
current, and that this fitting may be used to identify the binding dissociation.  
4.6 Electrode variation  
We found significant variations in the voltammogram between lysozyme titrations. 
The peak current of SWV was reversibly dependant on the lysozyme concentration in 
some cases (Figure 4-7 and Figure 4-10) or proportional to the concentration in other 
cases (Figure 4-11). The variation was observed within the same production batch as 
well as electrodes between the batches. The epoxy encapsulation and polishing 
methods had been consistent and the skills did not change significantly across the 
experiment. Similar electrode fabrication variations have applied to the 
aptamer/ferrocene-L1 and we did not see the titration plot flip from one sign to 
another. A simple pie chart serves to illustrate the percentage of the variants (Figure 
4-8). The peak current change (∆Ip) in a titration was negative in most cases. In other 
electrodes, the change could be positive or irregular.  
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Figure 4-8.The number of each variants. SWV peak current changes proportional to 
concentration are expressed as +∆Ip, and the opposite as –∆Ip.  
Excluding the cause from the electrode fabrication or the assay setups, the focus is on 
the aptamer layer on the electrodes. Many factors could have resulted in the 
variations. Possible parameters include aptamer density, aptamer hairpin folding, 
MSA blocking and non-specific adsorption of aptamer and lysozyme. Specifically to 
the aptamer, the formation of a multi-aptamer complex may also occur with the 
beacons as described in the previous chapter.   
However, the discovery of some electrodes which showed the increased current 
suggests there were other ferrocene/aptamer structures. The hairpin aptamer is known 
to form a double helix between two aptamers as well as a hairpin structure within an 
aptamer. A hairpin aptamer was immobilised under alkaline conditions and re-natured 
by removing the electrode from the sodium hydroxide solution to buffer at a neutral 
pH. It is possible that a surface structure other than a stem loop can form. One 
possible case involves two adjacent aptamers on the surface. The first immobilised 
aptamer may form a hybrid structure with the second aptamer in proximity during the 
process of re-naturation. The two possible routes are illustrated in Figure 4-9. In the 
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event of inter-molecular hybridisation, ferrocene could have two groups of different 
surface distance. 
 
Figure 4-9. The hypothetical hairpin structures of the aptamer. Two possible routes for the re-
nature process are illustrated. The yellow circle presents the ferrocene molecule. The single 
strand aptamer DNA is illustrated as a black wire line.   
As the ferrocene is conjugated at the 3’-end of the aptamer, when the 3’-end of the 
first aptamer forms a helix structure with the 5’-end of the second aptamer, the end 
complex will possess two ferrocene molecules. One is at the un-hybridised 3’-end of 
the second aptamer, which is away from the surface. The ferrocene is illustrated as the 
yellow circle at the end of the straight line that represents the aptamer in Figure 4-9. 
The length of the 3’-end stem is 10 base pairs, which is about 3.4 nm. The second 
ferrocene of the complex is illustrated as the other yellow circle at the end of the 
bended aptamer. This ferrocene should be very close to the gold surface and possibly 
surrounded by MSA molecules.  
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In this hypothesis, the complex has the same length of DNA duplex as the single 
molecule hairpin. This is to say the energy needed for “breaking” the complex should 
be close to 28 kJ/mol. Since the activation energy is the same, the binding dynamic 
should also be comparable. If the ferrocene surrounded by MSA moved away from 
the surface, the electron transfer efficiency could be compensated for by the action of 
the second ferrocene. As illustrated in Figure 4-9, the ‘straight’ aptamer has more 
degrees of freedom, and should be conducive to lysozyme binding. In such a case, the 
lysozyme binding could cause the ferrocene to come closer to the surface.  
4.6.1 Electrode deviation 1  
A stronger voltammogram change was observed in the electrode deviation 1, which 
displayed an inversely proportional net current change in SWV.  Compared with the 
first electrode described above, the CV showed a regular anodic peak potential shift, 
as shown in Figure 4-10. The shift was very significant compared with the first 
electrode (Figure 4-7). On the other hand, the titration suggests a nearly 100% 
reduction of the net peak current height at around 600 nM compared with the 50% 
peak height reduction in the previous case.  
The deviated electrode behaviour was outliers and no sufficient data is available to 
produce error bars. In both examples, the peak potential shift was to the anodic 
direction with the similar calculated Kd value as 
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. However, the 
absolute amount of change was more significant in deviation 1. The 
oxidation/reduction potential in a buffer solution is 0.13/0.05V, which is smaller than 
0.2/0.06V in example 1. The net peak potential in the SWV of deviation 1 is 0.02V, 
while that in example 1 is 0.2 V.  
Repeatedly, the values of α in both fitting result were consistent, 1 nM.   
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Figure 4-10. Electrode deviation 1. The CV voltammogram shifted to the anodic direction as 
the lysozyme increased (A) The net peak current decreased in SWV (B) The titration plot of 
net SWV peak current change (C) and SWV potential shift (D) was converted into a fraction 
occupancy f vs.[lysozyme]. 
The calculated Kd values are 34 and 367nM using data from the peak current and 
potential. The Kd value is close to the value in the previous titration. However, when 
converting the electrical changes into titration functions, the fitting of f obtained from 
the peak current revealed a much smaller dissociation constant. This means the 
biggest change in f  happened when the lysozyme concentration was increased from 0 
to 50 nM, with the SWV peak current change saturated at around 100 nM (Figure 
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4-10C), hence the small value of Kd.  However, the fitting of the potential shift 
showed a very different result, having a 10 times higher of dissociation constant.  
We treat the immobilised aptamer as the strong adsorbed electroactive species. We 
approximated the electrochemical potential equilibrium of the unfolded aptamer to the 
adsorption isotherm, where the equilibrium was between the bulk and adsorbed 
ferrocene. As a result, the electrochemical reaction is a function of the adsorption 
isotherm. The adsorption describes the conformation change of the aptamer, which 
leads to the electron transfer. Therefore, the reaction isotherm becomes the equality of 
electrochemical potential of hairpin conformation and denatured coil. The free energy 
difference is expressed as ∆Gunfold. The peak potential shift can be expressed as a 
function of surface excess concentration and the function of ∆Gunfold as displayed in 
Equation 4-4. 
Equation 4-4 surface excess concentration function  
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A few observations are particularly interesting. The first is that the large peak 
potential shift; this was not observed in the sandwich method. The second is that the 
shift is dependent on the lysozyme concentration. It is known that peak potential 
change correlates with the equilibrium of Ox and Red in thin film theory. Titration of 
lysozyme disturbed or moved the ferrocene away from the surrounding MSA. If 
ferrocene was away from the interface, it would have reduced the surface density as 
well as increased the energy barrier for electron transfer. From the βΓ  dependent 
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peak potential formula, the increased energy difference would cause a smaller β ratio 
between the ferrocene and ferrocinium, and therefore the voltammogram would shift 
toward the anodic direction. From Equation 4-4, it is evident that ∆Gferrocene  is larger 
than ∆Gferrocinium. This may be caused because oxidised ferrocene was less favourable 
on the surface than reduced ferrocene. It could be due to the charge repulsion between 
ferrocinium and MSA in the buried form. In CV, the peak current did not change over 
the titration, which suggested that the titration only changed β but the ferrocene 
surface excess density or concentration of ferrocene. In terms of the model, this 
suggested that the lysozyme binding disrupted the hairpin and moved the ferrocene 
from the MSA layer, but the ferrocene did not move far enough to cause the surface 
density change. Therefore, the CV potential shifted but the CV peak current did not 
change.   
4.6.2 Electrode deviation 2  
In this example, observed three times, the net peak current increased as the lysozyme 
increased. The electrode may fit in the mechanism described in the second 
hybridisation illustrated in Figure 4-9. The consequence of the binding was an 
increase in the surface accessible to the ferrocene, and reduced the equilibrium energy 
of the surface ferrocene or ferrocinium.  
Since the CV peak current is dependent on the surface excess concentration and 
sweep rate in a thin-film model, the increase in the peak current could be explained as 
an increase in the surface excess concentration, that is the density of the electroactive 
ferrocene.  
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The equation[166] is expressed as: 
  
where σferrocenen  is the surface excess quantity of ferrocene. Since the surface area is 
fixed, surface excess quantity can replace concentration. The current increase was 
large and significant in Figure 4-11A compared with deviation 1. This suggested that 
there were significant increases in the surface concentration of ferrocene. It suggested 
that the lysozyme binding may have limited the ferrocene to the region where the 
electron transfer was made possible.  
The ferrocene was immobilised on the surface, and the model of surface adsorbed 
electron transfer kinetics was applied. In such cases, there was no convection or 
diffusion. Since the measurement of titration was in a state of equilibrium, the surface 
excess density of ferrocene was a function of lysozyme binding and aptamer hairpin 
re-folding.  
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=
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Figure 4-11. Electrode deviation 2. The peak current in CV increased significantly with little 
potential shift (A) The net peak current also increased in SWV (B) The titration plot of net 
peak change over titration. The titration plot of net SWV peak current change (C) and SWV 
potential shift (D) were converted into fraction occupancy f vs.[lysozyme]. 
The βΓ ratio is a function of both surface excess density and free energy change. The 
shift in deviation 1 did not reproduce in deviation 2. This suggested that the βΓ  ratio 
was not sensitive to lysozyme in deviation 2. The lack of CV peak potential shift can  
be understood as a result of the equilibrium between bulk ferrocene and restricted 
ferrocene. From the model, one can see the lysozyme binding restricted ferrocene 
within the electroactive region. The βΓ  ratio did not change between the two 
lysozyme concentrations. The surface density increased for ferrocene/ferrocinium 
equally. The ∆Gunfold ratio of ferrocene to ferrocinium did not change much when the 
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charge repulsion between the MSA and ferrocinium was not significant for this 
folding of aptamer.   
 The SWV net peak current showed a significant increase in the presence of lysozyme 
(Figure 4-11). It was about 2x10-8 A when the electrode was in a buffer solution. The 
current increased to 1.8x10-7 A and saturated when there was a high concentration of 
lysozyme (500-600 nM) The peak potential only shifted as soon as the analyte was 
added (Figure 4-11D). After that, it did not shift significantly in comparison to the 
previous described sensors of which the shifts were significantly anodic.  
In this case, the potential shift was in the cathodic direction, which coincided with the 
shortened redox centre to the surface distance. The potential shift in deviation 2 is 
about -0.04V, which is much smaller than +0.2V in deviation 1. More importantly, 
example 3 showed little lysozyme-dependent potential shift which would be a 
representation of the final state of hairpin opening in the deviation 1.  
A B 
 
 
Figure 4-12. The regeneration of electrode deviation 1. The CV voltammogram (A), the black 
line is the CV in buffer only and the red line is the CV in 200 nM lysozyme. The net peak SWV 
current changes (B) 
 Based on the above observations from the experiment, we speculate that the aptamer 
was possibly not re-folded properly after the denaturing and the resulting intermediate 
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was sensitive to the incoming analyte, causing the re-organisation of the confirmation 
affecting the distance from the redox centre to the interface. Assuming this hairpin 
intermediate anchored to the surface with little degree of freedom may not able to 
bind the analyte as its native form, it is worth noting that the those changes might not 
be specific to lysozyme, as the adsorption of the charged protein molecules could 
influence the aptamer confirmation as well.   
4.6.3 Electrode regeneration  
Electrodes were regenerated after the lysozyme titration measured by CV and SWV. 
The regeneration aimed to explore the mechanism of the molecular hairpin structure 
formation by looking at its robustness and at the refolding mechanism.  
The regeneration was effected using the alkaline method. The electrode taken out 
from the reaction vessel was immersed in 5 mL of 10 mM NaOH for thirty minutes at 
room temperature. The process was repeated but at 60ºC for ten minutes. The two 
alkaline steps should denature the lysozyme and remove the hydrogen bond between 
the two DNA strands of a helical structure. At pH 12, the charge of basic residue is 
neutralised. As a result, any ionic bond between DNA phosphate and lysozyme 
primary amine would not exist. The same is applied to the hydrogen bonding. 
Considering the three major non-covalent bonds between molecules, ionic bond, 
hydrogen bond, and van der Waals forces, the extreme alkaline condition removed the 
strongest among the three.  As a result, the complex dissociates. The additional 
heating treatment was to promote better thermal diffusion. At the end of the heating, 
the electrode was taken out and moved to a 5 mL buffer solution (10 mM Tris, 100 
mM NaCl at pH 8) held at 60ºC. The solution was then allowed to cool down until it 
equilibrated with the room temperature. The electrode was taken out at equilibrium, 
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and rinsed with more buffers. The electrochemical measurement was repeated using 
CV and followed by SWV.  
We observed different patterns of result after the electrode regeneration compared 
with previously.  First, there was little lysozyme dependent change in CV for 
deviation 1. Although it was clear that at 200 nM of analyte, the reduction peak 
current decreased by ¼ , the peak potential shift was not as significant as in Figure 
4-12A. Overall, the peak separation was increased by 20 mV. The SWV gave more 
details about the electrode during the titration. The peak potential shift was neither as 
large nor proportional to titration after regeneration (Figure 4-12B). Although the 
peak current varied in titration, the relation was not proportional. Instead, the change 
of current was scattered as the lysozyme concentration increased. The change cannot 
be described as a function of two-molecule binding.  
It is obvious that the aptamer on the surface adapted different structures after 
electrode regeneration. The two major differences between them were the removal of 
lysozyme and the pre-blocked MSA surface. We suspect the MSA surface might 
interfere with the aptamer folding. Before regeneration, CV and SWV measured the 
difference between buried ferrocene and restricted ferrocene in deviation 1. If the 
MSA blocking was sufficient, it would be inefficient to refold the aptamer to bury the 
ferrocene within the MSA. From the irregular titration result, the folding might be of 
neither form described in Figure 4-9. As for deviation 2, the regeneration seemed to 
have no effect on the electrode surface compared with the CV in 600 nM lysozyme 
prior to regeneration and the CV in the buffer after regeneration (Figure 4-13). Further 
titration of the lysozyme made no effect on the CV/SWV.  
Furthermore, we have illustrated through testing that the alkaline method made no 
effect on the MSA blocked surface. The solution CV of a ferrocyanide for a MSA 
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blocked gold surface was the same both prior to and after being immersed in a pH 12 
buffer for a number of hours. However, more carboxylic groups on the MSA become 
fully dissociated. 
 
                  
Figure 4-13. CV of the regeneration of electrode deviation 2 at 50 mV/s. The black line 
represents the CV in a buffer before any titration and regeneration taking place. Red 
represents the CV in 600 nM of lysozyme after the titration and before the regeneration. 
Green represents the titration at 200 nM of lysozyme.  
 
We conclude that the lysozyme sensitive conformations are only possible if they were 
formed before the blocking. The correlation of surface MSA to inactive aptamer can 
be explained by structural hindrance and charge interference. The ferrocene and 
double-stranded stem would have been in close contact with MSA, which is 
negatively charged at neutral pH. Each MSA molecule has two carboxylic groups. 
The degree of freedom for the carboxylic group would be more restricted to 
accommodate the folding of active aptamer. The electrostatic interaction might cause 
different aptamer folding.  
PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com
211 
We can list energy breakdown of aptamer folding before/after MSA blocking as  
1. Bond formation 
                   A+T ↔ A-T                     ∆G1= -0.5 kJ/mol 
                  G+C ↔ G-C                      ∆G2= -6 kJ/mol 
                  R-SH + Au ↔ R-S-Au     ∆G3≈ 20-48.4 kJ/mol* 
(R = Aptamer thiol or MSA) 
2. Charge repulsion 
                         R-COO
-
 ⇔ DNA-          ΔG4≈3 kJ/mol
#
 
*The energy is taken using chemisorption standard energy 0.5 ev and published data 
of alkanethiol adsorption. [167] 
The ionic interaction is estimated using Coulomb’s law. The dielectric constant for 
water is 80 and the energy is the work to bring two ions from 10 nm to 0.5 nm. The 
value of charge repulsion is also close to the experiment result of protein salt bridge 
energy. [168, 169] 
When the aptamer was immobilised before MSA blocking, it formed a negatively 
charged layer at the neutral to alkaline pH. The MSA blocking was not favoured due 
to the charge repulsion. However, the chemisorption energy from the thiol-Au bond 
formation should be sufficient to overcome the electrostatic repulsion. MSA was also 
applied in excess, therefore it moved in favour the S-Au bond formation.  
On the other hand, the story might be different when aptamer was to refold on a MSA 
surface. During the alkaline treatment, the hairpin would be disrupted and the aptamer 
was under the charge repulsion from MSA surface. The degree of freedom restricted 
the movement of MSA and aptamer. The charge repulsion was a function of distance 
to the surface. The folding of the aptamer would have to overcome the accumulating 
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electrostatic repulsion. Steric hindrance was another factor due to the proximity of the 
ferrocene and MSA molecules. The combined obstruction to the hairpin structure 
might force the aptamer to adapt a different conformation given that the repulsion of a 
charge pair (3 kJ/mol) is larger or comparable with one hydrogen bond energies. (0.5 
or 6 kJ/mol for AT or GC pair)  
4.7 Trypsinogen titration  
4.7.1 Non-specific binding and voltammetric change 
We tested the effect of non-specific binding by using bovine trypsinogen. 
Trypsinogen is the proenzyme of trypsin. The change from trypsin to trypsinogen was 
due to the depletion of the trypsin stock while there was supply of trypsinogen. The 
bovine trypsinogen is a single chain peptide, comprising 229 amino acids. Its size is 
about 24,000 Daltons. The pI of bovine trypsin is around 10 and trypsinogen 9.3.[170] 
Trypsinogen, tested like trypsin, does not bind to the hairpin aptamer in solution. In 
the previous chapter, the trypsin titration on ferrocene-L1 electrode showed little 
change in SWV relative to lysozyme titration. There is no substantial difference 
between trypsin and trypsinogen in terms of size, surface charge, or solution structure. 
The titration voltammogram should not vary, if the interaction of the titrant and 
surface were not dependent on the cleaved peptide in the amino terminal.  
The same experiment setup was carried out for the trypsinogen titration. As described 
in the previous sections, there were distinctly different voltammograms between 
electrodes. Interestingly, the trypsinogen titration did not show the variation observed 
in the lysozyme titration. The peak current was consistently increased and the 
potential was shifted toward the cathodic direction during the titration. This suggested 
that the change was independent of inter/intra molecular hairpins. The cathodic shift 
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of the midpoint potential meant an increase in the ratio of βΓ  between ferrocene and 
ferrocinium. The increase of peak current meant the surface concentration increased, 
which cannot be explained by the hairpin model. The ferrocene was already confined 
and in proximity to the surface. The surface density could not be increased if the 
model were based on the hairpin conformation. The increase of the current was 
significant and accompanied by a strong peak current shift for both CV and SWV.  
The titration of trypsinogen in a hairpin aptamer showed significant lysozyme 
dependent current change. The net current of SWV increased from 2x10-8 A in a 
buffer to 1.3x10-7 At 500 nM lysozyme. The percentage of change is comparable to 
the lysozyme titration of deviation 1 or 3 electrodes. On the other hand, the SWV 
peak potential shifted significantly toward cathodic direction (Figure 4-14).  
Unlike the previous lysozyme titration, we did not see voltammogram pattern 
variations between electrodes. This indicates that the trypsinogen voltammogram was 
not dependent on the aptamer hybridisation variants as shown in Figure 4-9, but rather 
on the adsorption between the trypsinogen and the surface. The increase in the net 
current coupled with a strong cathodic shift of potential suggests a reduced  
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Figure 4-14. The CV（A）and SWV (B) measurement of trypsinogen titration. The fitting of 
the SWV peak current(C) and peak potential (D) as a fraction occupancy vs. [trypsinogen]  
 equilibrium for electron transfer. To briefly conclude, the ferrocene might have 
become closer to the surface by trypsinogen adsorption. Though the hypothesis seems 
to contradict the assumed repellent from MSA, the adsorption of trypsinogen might 
have reduced the repellent between MSA and ferrocene.  
A measurement routine was performed on the regenerated electrode after trypsinogen 
titration. The following titration of lysozyme did not show strong lysozyme dependent 
current change. The peak potential is similar to the regenerated electrode in deviation 
1 and 3. The alkaline denaturation should have disrupted any DNA duplex variants. 
The following refolding seemed to fail to restore the aptamer structures. As shown in 
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Figure 4-15, the SWV voltammogram was a sharp peak in each concentration. There 
is little change in CV plots. This again confirms the previous conclusion that the 
lysozyme sensitive aptamer conformation did not form on the MSA surface.  
A B 
  
Figure 4-15. The electrochemical spectra of the regenerated hairpin aptamer in lysozyme 
titrations. The titrations are recorded first using CV (A) followed by SWV (B) and titrated by 
trypsinogen. 
4.8 Effect of surface modification with non-polar molecule 
The effect of the surface charge and hydrophobicity was tested by replacing MSA 
with butanethiol, or by preparing the electrode without surface blocking. Butanethiol 
is an alkane thiol is not charged and it forms a hydrophobic monolayer on the gold 
surface, opposite to the charge surface with MSA. The DNA molecule is generally 
charged polyelectrolyte at neutral pH. The hydrophobic surface would have prevented 
the aptamer from sticking to the surface via dipole-dipole interaction. Protein, on the 
other hand, comprises both hydrophobic and hydrophilic regions. The conformation 
of protein is upheld by van der Waals forces and the repulsion between water and the 
hydrophobic region. Hydrophobic surface provides an environment for the 
hydrophobic regions of protein to be exposed and destabilise the native conformation. 
As the result, protein can be adsorbed onto a hydrophobic surface with the 
PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com
216 
hydrophobic regions on the surface. The hydrophobic regions are normally buried in 
the core of soluble protein. Exposure of the hydrophobic region would denature the 
active conformation. In the case of the butanethiol surface, the result implied is the 
non-specific adsorption of lysozyme or trypsinogen.   
4.8.1 Butanethiol modified surface 
We assume that the butanethiol blocking does not prevent the aptamer from forming a 
hairpin loop and the ferrocene is very close to the surface. Consequently, ferrocene 
would be surrounded by the hydrophobic alkane chains. When ferrocene becomes 
oxidised, the charged ferrocinium are shielded by water molecules and counter ions.  
The interaction of the ferrocinium and butane chain was cushioned by the layer made 
up of hydration counter ions. This is the opposite of the MSA surface treatment. The 
proximity of ferrocinium and charged carboxylic surface was not favoured. It would 
be more favourable in terms of the total Gibbs free energy change if ferrocinium stays 
as far away from the surface as possible. 
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Figure 4-16. The electrochemical spectra of the aptamer electrode blocked with 
butanethiol.CV (A), net SWV(B), forward (C) and backward (D) SWV scan. The CV (E) and 
SWV (F) peak current converted as a fraction occupancy. 
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The CV reading is shown in (Figure 4-16A). The first titration point always produced 
a higher oxidation and reduction current, then the oxidation current fluctuated around, 
while the reduction current decreased as the concentration of analyte increased 
further. Overall, the peak separation increased and the reversibility of the electrode 
decreased.  The decrease in CV reduction peak current is presented in Figure 4-16 E. 
This experiment was repeated at least three times. The data remains qualitative 
because the large variation of value between assays. The peak current changes varied 
between experiment for both the oxidation and reduction half cycle. Interestingly, all 
aptamer electrodes followed a routine, in which the peak current change increased as 
soon as lysozyme was added. The current increased and this was then followed by a 
decrease at higher lysozyme concentration.  
It is difficult to compare the MSA with the butanethiol surface based on the peak 
current change. There was a different charge spectrum on the MSA surface. However, 
we did not observe different patterns with the butanethiol surface. The variation with 
the butanethiol surface was the absolute quantity. The general trend remained 
Factor Observation 
Oxidation peak potential Shifted to anodic direction 
Reduction peak potential Shifted to cathodic direction 
Overall reversibility of CV Decreased 
Oxidation peak current ↑ then ↓ 
Reduction peak current ↑ then ↓ 
Table 4-3.Qualitative CV observation in titration of lysozyme 
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unchanged. Hence, we discuss the butanethiol electrode based on general thin-film 
theory without involving the model in Figure 4-9. The current is a function of the 
surface concentration Γ , while the peak potential is a function of the ferrocene and 
ferrocinium βΓ  ratio. The SWV peak potential did not shift as much as seen in 
Figure 4-10, which means ∆Gferrocene   is similar to  ∆Gferrocinium. The oxidised ferrocene 
underwent less molecular repulsion from the hydrophobic surface.  
In terms of the peak current difference with the butanethiol surface, it was inversely 
proportional to lysozyme while the oxidation peak current was independent of the 
lysozyme concentration (Figure 4-16). When the aptamer hairpin denatured, the 3’-
end of the aptamer might have left the gold surface and float on the butanethiol 
surface. As the peak current is proportional to the surface density, aCi p = , both Iox 
and Ired should have reduced. This does not agree with the observation in butanethiol 
or some MSA electrodes. In the case of the butanethiol surface, the Iox remained 
unchanged and Ired decreased in the titration. We propose the following possible 
explanation. 
The ferrocene on the immobilised aptamer is the only electro active species. When 
considering the redox reaction, there was no diffusion effect, i.e. ferrocene or 
ferrocinium from the bulk. The hydrophobic surface has a differential affinity to 
ferrocene and ferrocinium, as described earlier. The surface redox concentration 
would then follow the relationship Cferrocinium is smaller than Cferrocene. Since current is 
a function of the surface concentration, the reduction current becomes inversely 
proportional to the lysozyme concentration. While in the case of some MSA 
electrode, see example 2, charging the current might be the reason for the absence of 
the redox differential variation.  
PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com
220 
In the illustrated case, (Figure 4-16 E), the lysozyme dependency was most significant 
with the reduction peak current when compared to the oxidation peak, peak potentials, 
and peak potential separation (Figure 4-17).  
The SWV spectrum also showed a tendency towards lysozyme dependence. The peak 
current increased as soon as the lysozyme was added, but decreased from this point 
onwards. There was also a large variation between electrodes in terms of how much 
peak current changed to the lysozyme titration.  
From the plot of CV or SWV spectrum change versus lysozyme, the relationship 
within the titration range seems to be linear instead of typical Langmuir binding 
isotherm. This suggests the possibility of a dominant non-specific adsorption reaction. 
The spectrum change was the result mainly of non-specific lysozyme adsorption. The 
adsorption might disturb the equilibrium between the ferrocene/ferrocinium and 
alkane surface. The hypothesis does not contradict the observation from CV and 
SWV. Furthermore, it explains the lack of electrode variations between electrodes as 
seen in Figure 4-9.  
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Figure 4-17. Normalised CV parameters from lysozyme titration. The values were normalised 
as X/X0, where X0 is the value of parameter X at the start of titration. (o)= oxidation half cycle 
(r) = reduction half cycle.  
However, based on the thin-film theory, the relationship of peak current and sweeping 
rate can be expressed as such the ratio is proportional to the total surface 
concentration of ferrocene and ferrocinium. The plot of the titration is:  as shown in 
Figure 4-18. The relationship follows a saturation curve instead of the linear 
relationship show in the reduction peak current change. It suggests that the amount of 
excess surface concentration decreased with titration and then saturated. The two 
results contradict one other. We observed in the CV spectrum that the reaction was 
very close to an irreversible reaction at a high scan rate, which indicated that the 
electron transfer rate fell behind the scan rate. The surface concentration in such 
conditions was also a function of the sweep rate.   
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Figure 4-18. The plot of
 
∆I/∆f an hairpin aptamer sensor on a butanethiol electrode. The Y 
axis is the change of the peak current over scan rate.  
4.8.2 Existing butanethiol effect on regeneration 
After titration, the electrodes were treated by the same denature process. The aptamer 
was refolding on the surface in the presence of butanethiol. The refolded electrode 
was titrated with lysozyme again. The CV spectrum showed similar behaviour as 
before the regeneration (Figure 4-19). The linear decrease of reduction current over 
lysozyme titration was repeated. This was in contrast to the locked saturated response 
with MSA electrodes. This suggests the refolding was possible with the butanethiol 
surface, and that the titration response was not dependent on the aptamer folding, or 
on a combination of the two. 
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Figure 4-19. The lysozyme titration of an electrode with butanethiol before regeneration. The 
peak current increased proportionally to the lysozyme titration. The data is recorded using 
SWV.   
4.8.3 100 mM  Butanethiol 
A side experiment with high butanethiol blocking showed the reversibility of aptamer 
immobilisation. The aptamer electrode was blocked by 100mM butanethiol. After 
blocking, there was negligible current observation. On several occasions, the 
voltammogram was first observed immediately after immobilisation. The 
voltammogram disappeared after the blocking reaction. After the blocking reaction, 
light precipitation was visible when placing the electrode in the ethanol solution. The 
loss of current suggested that the thiolated DNA had been replaced by butanethiol in 
the solution. 
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4.9  Trypsinogen titration of hairpin aptamer on butanethiol 
surface 
The control experiment was made up titrating of non-aptamer target trypsinogen for 
the same reason as described in chapter 3. 
The peak current followed the same trend as seen in lysozyme titration. The 
oxidisation half of the reaction did not change while the reduction current responded 
proportionally to the lysozyme. A similar effect was seen in SWV measurement. The 
result suggests that the pattern of change was caused by non-specific adsorption by 
trypsinogen. The binding of the protein disturbed the surface concentration of 
ferrocene. The Kd measured from Figure 4-20C was 500 nM. This was likely due to 
A B 
C 
 
 
Figure 4-20. The CV (A) and SWV (B) spectrum of trypsinogen titration of butanethiol 
surface. The SWV peak current change vs. lysozyme concentration. (C)  
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the adsorbed trypsinogen rather than as a result of the direct association of 
trypsinogen solution to the aptamer.  
4.10 Discussion  
As we have reported on the aptamer/ferrocene-L1, the ferrocene-L1 may form multi-
unit aggregates with the aptamer. This led to a higher ferrocene density, which 
resulted in a larger faradaic current and clear lysozyme dependent CV changes. 
Surface blocking had also been shown to prevent the surface from ferrocene 
adsorption. However, none of these was likely to cause a reverse sign of the titration 
plot. The flip of titration plot from negative dependence on lysozyme concentration to 
positive dependence should be related to alternative surface structures responded to 
the lysozyme binding.   
It has been shown that the faradaic current in the aptamer/ferrocene-L1 assay was 
consistently proportional to the lysozyme concentration, given the usual variations in 
experiments. As other parameters did not alter substantially in the hairpin aptamer 
experiments, the focus should be on the new aptamer structure and on any change that 
was associated with the introduction of the new aptamer. First, it is necessary to look 
at the secondary structure difference between the aptamer/ferrocene-L1 complex and 
the hairpin aptamer. As a reminder, the ferrocene is on the 5’-end of the L1, which 
hybridised to the 5’-end of the aptamer. The sulfhydryl group is at the 5’ end of the 
aptamer. Between the surface and the ferrocene, there was an L1 duplex and C6 
carbon chain. As the result, the ferrocene was closer to the interface and this caused 
the increased current.  
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Figure 4-21. The illustration of the surface distance of ferrocene. The top molecule is the 
aptamer/Ferrocene-L1 duplex. The L1 forms duplex on the first 6 nucleotides on the 5’-end. 
The bottom molecule is a hairpin aptamer. The hairpin is a 10 base-pair duplex structure. 
In comparison, the ferrocene was supposed to be at the level of sulfhydryl group, if 
the hairpin aptamer formed an intra-molecular stem as illustrated in Figure 4-21. The 
difference is that the ferrocene on the hairpin structure was much closer to the surface 
than the ferrocene-L1. It is likely that the ferrocene on the hairpin interacted closely 
with the surface MSA. Based on the hypothesis, it is unlikely that the surface distance 
of ferrocene became smaller in the lysozyme binding. As the electron transfer rate is a 
function of the surface distance, the current in a lysozyme titration is likely to 
decrease or remain unchanged. We have observed a decrease in current and an anodic 
peak potential shift in most of the electrodes. The peak current, according to Marcus 
theory, occurs when the electron transfer distance is increased between the ferrocene 
and the interface as the current decreases. Observed redox potential increased in the 
titration indicated that more energy is required to convert the species into the oxidized 
state.  
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The electrode variations were only observed in electrodes with MSA modification. 
The peak current or potential changes for both CV and SWV were consistent between 
electrodes that were modified with butanethiol or naked without modification. The 
variations may correlate with the surface treatment as discussed, if we assume the 
factor from non-specific adsorption. Since lysozyme is positively charged, MSA 
should be most obvious for surface adsorption. There was entropy gain from 
hydrophobic core with hydrophobic alkane chain.  The charged lysozyme, however, 
could form charge-induced dipole interaction with gold surface. The interaction, 
however, would weaken when the gold electrode carried a positive charge at the 
oxidation cycle.  
From the plots of trypsinogen titration, the current change in the butanethiol surface 
appeared to be from adsorption. Although the electrode did not carry a constant 
attraction to positive charge, several papers have described protein adsorption on 
hydrophobic and hydrophilic surface. [171, 172] Generally, surface adsorption is a 
function of the individual protein as much as a function of the surface. Protein 
assembly structure and stability influence the susceptibility of its adsorption, denature 
or surface packing.[173, 174] It is clear that the surface charge or isoelectric point is 
only one of the factors in adsorption. Trypsinogen appeared to assert more adsorption 
and influence the folding of the aptamer.  
Charge repulsion between atoms or molecules was crucial. We earlier proposed the 
peak current variation depending on the repulsion from the MSA surface. Considering 
other electrode surfaces, there might be non-specific adsorption from the aptamer as 
well as the protein. The adsorption increased the net charge density on the surface. It 
is possible that the charge interaction became more dominant when there were more 
adsorbed charged molecules. The energy would not be favoured if the ferrocinium 
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were buried within hydrophobic alkane medium, or stayed close to the positively 
charged lysozyme.  
The surface modification proved to be an important factor in the fabrication of the 
aptamer response. Non-specific binding presented significant noise with the present 
design. The noise might have masked the specific binding reaction in the study. The 
folding was also crucial in the electrode response. As shown in the regeneration 
experiment, most of the electrodes with MSA surface showed poor response after 
regeneration. The observation of alternative folding also indicted that more control 
and design are needed for a homogenous hairpin structure. 
Based on the platform method, a generic signalling module can be engineered for an 
aptamer without prior structural knowledge of the aptamer. In the case of a well-
characterised thrombin aptamer, it has been designed with a signalling module [144, 
175, 176]. The signalling module utilises a quatruplex structural shift upon the analyte 
binding. The quatruplex structure may not be compatible with other nucleic aptamers 
such as anti-cellobiose aptamer and anti-Taq polymerase aptamer.  
Recently, the generic signalling module has shown the potential in an anti-cellobiose 
aptasensor by Mr K.Kanok in our research groups, with the sequence obtained from a 
published study [177].,with the sequence obtained from a published study . This 
aptasensor using the same preparation method showed specific current increase for 
cellobiose titration. (This work is not published, but will be recorded in Mr K.Kanok’s 
thesis) 
4.10.1 Calculation of the monolayer of aptamer coverage  
The coverage of the surface ferrocene can be estimated by the charge passed from a 
CV oxidation reaction, which is the integral of the oxidation peak area. The average 
value from 10 electrodes was 1.9 ×10-8 C, which was equal to 1.1 × 1011 electrons 
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passed from ferrocinium to the electrode. As mentioned above, the average roughness 
of the surface area was 1 to 3, which is the number of times the ratio of the real 
surface area to the theoretical one. Hence, the effective surface area equals 1.5 x10 -
3cm2 and the roughness parameter. The average density was then calculated as 1 × 
1014 molecules/cm2
. 
The value is 100 times larger than the average density of a 
monolayer, 1 × 1012 molecules/cm2. With the respect to that, it is speculated that the 
packing of the hairpin structure may differ from that of a monolayer of SAM 
molecules.  
However, as the maximum measured current to be 10 to 100 times lower than that in 
the short oligonucleotide approach, it suggested a lower packing of the hairpin 
structure.  
4.11 Summary 
The review of the current protocol of hairpin hybridisation found that a hairpin 
aptamer would benefit from the touchdown annealing protocol (GNR long RNA 
protocol check). [178] The slow annealing method uses three stages to maximise the 
probability of thermodynamic favoured conformation. After the denaturation in the 
first stage, the nucleic acid is held at re-nature temperature for ten minutes. The 
extensive time is to allow for an equilibrium between different folding conformations, 
while the temperature is high enough to ensure enough thermal vibration energy for 
shifting between conformation intermediates. The last stage cools the nucleic by 1ºC 
every fifteen seconds until room temperature is reached. This is to stabilise the 
preferred hairpin structure and to reduce transient conformations. We have observed 
large variations between electrodes as well as inactivation after regeneration. 
Increased control of hairpin formation should increase the consistency.  
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In terms of specificity, hairpin aptamers showed significant non-specific protein 
binding noise. lysozyme aptamer displayed binding affinity to trypsinogen in solution. 
It is reasonable to assume the noise was caused by surface adsorption of the titrants. 
As shown in the study, the choice of surface chemistry or charge plays an important 
role in background noise.  
It is encouraging that an existing aptamer could be converted to an aptasensor by the 
generic signalling module. There are areas that requires more research and better 
understanding. To name a few, the variation of the electrochemical responses 
described in hairpin aptasensor and the reversibility of the titrated lysozyme 
aptasensors. It is plausible that the structural variation was caused by inconsistent 
aptamer hybridisation or annealing. Finally, specificity is also a critical direction to 
improve and understand the effect of the generic signalling module.  
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Chapter 5. The engineering of an integrated 
biosensor platform capable of sampling 
5.1 Ultramicroelectrode and sampling 
In this chapter, an integration trial of sampling and detection is described. The 
microelectrode detection technology can share the same engineering platform as 
micro sampling. As part of the larger project, the trial described here records the 
development of the microspike integration, which includes design, fabrication, 
package, and microelectrode response.  
Designs were evolved using various fabrication and package methods. In the later 
designs, general properties of the device have improved significantly, such as the 
mechanical strength of the spike structure, the intrinsic device resistance, and the 
capacity to accommodate wide applications with easy modification.  
Micro sampling using micro spikes is restricted by the sample volume, concentration, 
and sampling site. The sample size using conventional blood sampling can be as small 
as 20 µL, which is considerably much larger than sampling using microspikes. 
However, the integration of the microelectrode sensor and the microspike would 
compensate for the problem of restriction from sampling. The integrated sampling and 
detection platform follows the principle of “lab on a chip”[179]. We started with 
defining the specification for the trail lab-on-a-chip, a device in micro and millimeter 
size, with sampling and detection functions located on the same device, and the need 
for only minimal sample preparation for the detection.  
The idea for the platform comprises two components: microspike with sampling port, 
and sample and analyte recognition molecules sitting on the spike for the proof of 
concept. 
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Electrochemical response is a function of electrode geometry, based on Cottrell theory 
as well as electroactive species. Difference in geometry affects the mass transport, 
especially the diffusion behaviour of the solution redox active species. 
Ultramicroelectrode (UME) has been studied comprehensively in the 1980s by 
Wightman [180]. The UME has a clear advantage in detection over conventional 
micro electrodes. The definition of a UME is that the critical dimension (smallest 
dimension) is less than 20µm in diameter. 
 
Figure 5-1 Thin layer reaction in a microelectrode (A), where there is a low ratio volume 
to surface area. The diffusion controlled reaction in a microelectrode (B), and axial and 
radial diffusion controlled reaction in a UME [181](C).  
From the diffusion model, (Equation 5-1) the spherical diffusion is the planar 
diffusion plus spherical contribution. As a result, the mass transport is faster in the 
case of spherical diffusion. The CV character of a UME is also governed by the mass 
transport. Wightman has established a model as displayed in Figure 5-1, in 
comparison with the microelectrode. In the case of a thin layer reaction of a 
microelectrode, the existing electroactive species are readily converted until depletion. 
The oxidation and reduction curves are mirror images of each other as there is no 
mass transport involved. On the other hand, when mass transport controls the surface 
excess concentration, the electrochemical reaction is diffusion-limited and the current 
peaked is restricted to the limited species being transported on the electrode interface. 
A change in the concentration gradient would cause a drop in the current.  
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In the case of an ultramicroelectrode, the electrochemical behaviour is governed by  
Equation 5-1 planar and spherical diffusion with time  
 
spherical mass transport. The equilibrium between electroactive species diffusion and 
reaction can be achieved when the potential is more positive than the oxidation 
potential. The current reached the plateau at a higher potential, where the surface 
reaction is at a steady state.    
Steady state current is achieved when the time is sufficient for the diffusion to be 
adequate to supply the reaction. The time should be greater than r2/4D, where r is the 
radius of the electrode and D the diffusion coefficient [182].  
5.2 Results of microspike structure and electrochemical test 
We examine structures by scanning electron microscopy (SEM). On the left of the 
Figure 5-2, the spikes were produced from 50 µm circle array using SU8 2100. On the 
right, the design was 30 µm circle array, in which the substrate was under-exposed. 
The upper part of the spike showed the lack of lateral bonding after polymerisation. 
As the result, the spikes split from the bottom of the pillar. The lack of mechanical 
strength caused severe bending of the pillar. Due to the weak mechanical strength of 
such a tall structure, created by 2100, and given the difficulty in handling such 
viscosity, we shifted to SU8 25.  
                              Planar diffusion 
                              Spherical diffusion 
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Figure 5-2 The spike was made of SU8 2100. A 100 µm size bar was displayed in the 
picture. The plane that the pillar was sitting on was tilted by 30 degrees. The height of the 
needle was 240 µm 
SU8 25 microspikes were first fabricated to be shorter, at 56 µm in height, as shown 
in Figure 5-3. The structure was well defined and showed a rigid formation. It should 
provide enough mechanical strength for piercing sampling. Due to the limited access 
to the SEM facility, we did not have the information of the picture of the later designs. 
An optical microscope was used for all devices for structural measurement. The 
diameter of the spike was twice the size of the design under investigation. The inter-
spike distance is only 15 µm, which is around one tenth of the diameter of the spike 
bottom. In the final design, a 50 µm circle array with 120 µm pitch distance was used. 
However, different process parameters produced different spike bottom sizes or tip 
diameters shown in Figure 5-4 and Figure 5-5. The organised table of different 
electrode design is presented in Table 5-1.  
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Figure 5-3 The spike was made of SU8 25 10µm size bar was displayed in the picture. The 
height of the spike was 56µm. 
           
Figure 5-4 The diameters of tip and bottom of the spike were 38 and 106 um respectively 
             
Figure 5-5 The final prototype of the microspike design using 50 µm mask with 120 µm pitch 
distance 
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Inde
x 
Height × bottom dia. × 
top dia. × pitch distance 
(µm) 
Electroplatin
g 
Coating Intrinsic 
resistanc
e 
(Ω) 
Ferricyanid
e LOD 
(mM) 
1 H:200×B:80×T:20 None Epoxy by hand N/A  
2 (a) 
and 
(b) 
H:55×B:80×T:20-
30×P:120 
No Manual/positive/negativ
e resist span covered 
50 100 
 
Yes* Manual/positive/negativ
e resist span covered 
10 5 
3 H:107×B:140×T:50×P:2
5 
Yes Epoxy span covered 1 0.6 
4 H:100×B:138×T:25×P:3
8 
Yes Positive resist span 
covered 
1.6 0.6 
Table 5-1 a summary account for different designs of the microspike with different diameters  
A
 
B
 
Figure 5-6. The profile measurement of the microspikes. Microspikes were measured using a 
profiler to confirm the structures. (A) and (B) were two different designs with different height 
and inter-spike distance.  
Shown in Figure 5-6A, the spikes numbered index 2 possessed a more pointing tip 
and a larger distance in between them demonstrated ultramicroelectrode behaviour in 
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later electrochemical measurement under low scan rate; this phenomena was absent 
from the  spikes in Figure 5-6B with bigger diameter, but closer together.  
Conformal coverage of gold by physical evaporation generates the more conductive 
substrate. For instance, the flat area between two adjacent spikes is just over 1 ohm, 
with 2-3 ohms between the tips of two adjacent spikes. 
 Resistance before spinning Resistance after spinning 
Evaporated gold 
on chromium 
X 3 
Areas between spikes 45 Ω 
Between the tips of spikes: 
120 Ω 
+ resist Areas between spikes: 0 
Border tip to tip: range from 500 to 1000 Ω 
(middle of the substrate where positive resist has 
covered) 
Evaporated gold 
on chromium 
X3 
40 Ω 
Between spike 100 Ω 
Su8 protocol (over the side) 100 Ω 
Middle： 500 Ω 
Conformal gold 
coverage 
1 Ω flat area 
Between spike 1.65 Ω 
Covered: 10 Ω between spike 
Table 5-2.The area between the spike is defined by a fixed distance between two adjacent 
spikes 
 
In comparison, with conformal covered chromium seeded microspike platform, the 
resistance between flat areas is 40 Ω, and between the tips is 300 Ω. After the 
chemical deposition of gold (three times from different angles, though some areas 
have minimal gold coverage) flat area 20 Ω, between tips, 100-200 Ω. Hence, the 
intrinsic resistance has decreased two hundred times before the modification of the 
device.  
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5.2.1 Cyclic voltammetry 
Figure 5-7 displayed the size of the microspike piece packed and used in the 
electrochemical experiments. The setup parameters and the apparatus used for the 
measurements were the same as those in used in the conventional electrode solution 
CV measurement.  
Ferricyanide solution was used in the microspike electrode testing. The redox 
potential of ferricyanide is 0.25 V vs. Ag/AgCl. We applied a potential range to scan 
the oxidation reaction from 0 to 0.5 V. 
Figure 5-7  A the piece of microspike device used for testing compared to a 20 pence coin 
One of the microspike designs had a top diameter of 20 µm, and a bottom diameter of 
80 µm, with a 120 µm pitch distance. No electroplating was performed since the 
protocol for that procedure was not optimized. The flat surface area between spikes 
was covered manually using the insulating epoxy. The optimally performing electrode 
showed a detection limit of 50 mM ferricyanide, while the worst performing device 
had a detection limit of 400 mM. The CV illustrated in Figure 5-8 covered both low 
and high scan rates. Each showed distinctive features corresponding to micro or 
macro electrode respectively. The microspike array at low scan rates demonstrated a 
A 
 
B 
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microelectrode behaviour, while at scan rates equal and above 50 mV/s, it behaved as 
a conventional electrode.  
For microelectrodes, the total diffusion-limited current is composed of two diffusion 
systems, the planar and radial flux diffusions: I total= I planar+ I radial. The first term is 
identical to the Cottrell current that would be observed at a planar electrode of the 
same area, and the second describes the steady-state current flow achieved late in the 
experiment. 
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A 
 
B 
 
C 
 
D 
 
Figure 5-8(a) and (b) displayed the CV of two different electrodes at 1 mV/s, 5 mV/s and 10 
mV/s respectively with 200 mM ferricyanide. (c) and (d) displayed the CV of the same 
electrodes scanned at 50 mV/s and above.  
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Equation 5-2 microelectrode diffusion limited current equation expressed in two-term 
 
In the equation,  , 
With a short time limit, τ is small, (conventional electrode behaviour) and only the 
first term is significant. The current is reduced to a Cottrell equation, which is 
expected for the situation where the diffusion length is small, compared to the 
curvature of the electrode. The deviation from the Cottrell current resulting from the 
cylindrical diffusion field does not become as much as 4% until τ reaches 0.01, where 
the diffusion layer thickness is about 10% of ro. As the SEM results showed, the 
critical dimension diameter of the spike is about x 30 µm. Given the diffusion 
thickness of 3×10-4 cm, when τ=0.01, the diffusion time, t, is equal to 0.09 ms. 
Therefore, the time needed to accumulate cylindrical diffusion is more than 0.1 ms.  
As the scan rate is lower than 50m V/s, τ becomes much larger, and the current 
depends on the frequency. With this time scale, current has reached a steady state. The 
extent by which the planar or radial component dominates depends on the relative 
dimensions of the electrode and the diffusion layer. When the diffusion layer 
thickness exceeds the size of the electrode, the current approaches a steady state. 
When planar diffusion is in control, a peak-shaped CV is observed. Hence, the UME 
behaviour depends on the timescale for conducting the experiment. The two scenarios 
described above are displayed in Figure 5-9. 
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A 
               
B 
                  
Figure 5-9: (A) showed a radial diffusion profile on the spike array at low scan rate (<50 mV/s) 
(B) showed a linear diffusion profile over the spike array at higher scan rate. 
The boundary conditions of an effective electrode’s diameter can be estimated based 
on the CV results. For a reaction with a scanning rate of 10 mV/s, it takes 50 seconds 
to scan the measuring range, 500 mV. Based on the principle that Dt/r2>1 in an 
ultramicroelectrode, the diameter would be less than 160 µm. When the scan rate is 
increased, the sampling time becomes shorter and the Dt/r2 ratio is also decreased. 
The overall response will approach a planar diffusion controlled reaction. When the 
scan rate is increased to 50 mV/s, the critical diameter will be 710 µm. Hence, when 
the array behaves as a macro-electrode, the effective overall diameter of the device is 
equivalent to 710 µm.  
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The data is consistent with a quasi-reversible electron transfer. The reaction can be 
expressed as O+ e ↔R  , where the forward and backward reaction rates Kf and Kb 
are different[183, 184]. Consider the following kinetic parameters:  
                                 ψ= k/√(piαD) and α = nFv/RT  
As suggested by Nicholson, most systems operate in the region of 0.3 <α<0.7, and ψ 
is generally independent of α within these limits. The range proposed by Matsuda and 
Ayabe to classify the electron transfer kinetic for quasi-reversible reaction is the 
0.3v1/2≥ k0 ≥ 2x10-5 cm/s. From Figure 5-10, published by Nicholson, we can estimate 
the value in our UME observation, which is listed in Table 5-3. 
                            
Figure 5-10 Simulated plot of the electron transfer kinetics proposed by Nicholson [183]. The 
parameter α is assumed to be 0.5. 
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Figure 5-11. The ratio of oxidation over reduction current (shown in ▲) and peak separation 
versus scan rate (shown in ●). The reaction became more quasi-reversible at a higher scan 
rate.  
Table 5-3 Estimated k from the Nicholson’s electron transfer kinetics 
  
Scan rate (mV/s) 50 
 
500 
 
5000 
 
∆Ep (mV) 105 128 239 
ψ 0.5 0.35 0.08 
k (cm/s) 4.4x10
-3
 
 
3.1x10
-3 
 
0.7x10
-3
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5.2.2 Electroplating effect on the measured current in CV 
The microspikes with only a thin layer of gold evaporated on their surface showed a 
high resistance, which compromised the sensitivity in electrochemical measurement. 
Electroplating resulted in a high conductivity and improved the amperometric 
response. The electroplated device acquired a lower detection limit of 1 mM in 
comparison to 40 mM of detection limit, which was from the same device prior to 
electro-deposition. Figure 5-12 illustrates that in 10 mM ferricyanide
 
solution, the 
device shows no faradaic current behaviour in the range of 10-5 to 10-4 A. On the other 
hand, gold electroplated electrodes showed faradaic current. The shape of CV 
resembled an UME when scan rate was 1 or 5 mV/s. The CV plot becomes similar to 
that of a macro electrode when rate increased to 10 mV/s or more. The 
oxidation/reduction peak potential difference and peak current amplitude ratio 
difference in Figure 5-11Figure 5-11 observed for microspike electrode in the scan 
A 
 
B 
 
Figure 5-12 The electrode before electroplating showed weak response (A). After 
electroplating, the electrode showed faradaic current (B).  
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range of 50 to 5000mV/s.The SWV behaviour of the same electrode before and after 
gold electroplating is displayed in Figure 5-13. 
A 
 
B 
 
 
Figure 5-13 The electrode without gold electroplating showed no response in the presence of 
10 mM  Fe(CN)6. The voltammogram tilted at the end suggested increased resistance (A). 
After electroplating, the electrode showed faradaic current. The baseline was increased with 
frequency, which indicated the existence of capacitive current (B). 
In another variation, the device has become more sensitive to a lower concentration of 
solution redox active species. This is because instead of electro deposition gold over 
the place where the physically evaporated gold has been covered, a conformal 
coverage of the gold ensured that the entire surface was metalized by gold, which is 
often used for the chemical modification of the surface.  
After gold electroplating, the lowest concentration detected by this batch of device 
was 0.9mM solution Fe(CN)6, displayed in the CV. The batch was gold electroplating 
the second time on top of the exiting layer. After the second layer, the same device 
acquired a new detection limit of 0.1 mM.  
In this section, we mainly focus on the signal improvement brought about by 
electroplating. Both oxidation and reduction peak current had improved after the 
second round of surface metallisation (Figure 5-15). From 50 to 500 mV/s, the peak 
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current has increased more than double. The resistance of the device resulted in the 
charging current in a range comparable to the faradaic current; this accounted for the 
error in the oxidation peak current value, which was smaller than the reduction peak 
current value. 
 
Figure 5-14 The diffusion controlled peak current of gold electroplated electrodes.  
5.2.3 The UME and macro electrode behaviour of the 
microspike electrodes  
The relationship between the diameter and inter-diameter of the spikes has been 
studied in a large amount of literature [185-187] UME refers to an electrode which 
has at least one dimension smaller than 25 µm, known as the critical dimension of the 
electrode. In electrochemistry, typically CV, when the critical dimension is equivalent 
to or smaller than the diffusion layer thickness (which depends on the scan rate and 
surface mass transport), the experimental behaviour is different to that of a macro-
electrode. A major problem with UME is the small current. Arrays of UMEs should 
retain the advantage of low impedance while increasing the active electrode area. 
The linear relationship between the peak current and the square root of scan rate 
indicates a solution redox process (Figure 5-14). In theory, the shape of the CV for 
arrays of UME depends on the distance between individual electrodes in arrays; this 
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distance is in relation to the thickness of the diffusion layer, determined by the scan 
rate and the potential scan window.  
                         
Figure 5-15 the differential current of SWV. The red dots represent the electrode being 
electroplated once, and the black dots represent the electrode being re-electroplated.  
As the distance between electrodes is 20 µm, they show electrochemical behaviour 
similar to that of a macro electrode for scan rates from 1 mV/s to 500 mV/s. This is 
because for longer times (and slow scan rates), linear diffusion occurs over each of the 
active spikes. The current becomes limited by the mass transport to the electrode 
surface, and reaches a steady state. When the inter spike spacing was increased to 100 
µm, a sigmoidal-shape CV response represented the cylindrical diffusion profile at 
each spike. The diffusion layers do not overlap with a sufficient time period. A 
summary of the difference and observation is given in Table 5-4 and Table 5-5: 
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Table 5-4. Examples of two electrode without different designs.   
5.3 Platform application results  
5.3.1 Glucose biosensor 
The successful array platform is applied to the glucose sensor project, which the 
methodology was developed by Dr Anna Radomska.  
  
Features Electrode 2 Electrode 3 
Diameter 
Tall 56 µm top diameter:  
Bottom diameter 
Inter-spike distance  
Tall 106 µm top diameter:  
Bottom diameter 
Inter-spike distance  
Diffusion  
Semi-infinite hemispherical 
diffusion  
Semi-infinite planar diffusion 
CV signal  
Sigmoidal shape or diffusion 
controlled CV shaped  
Diffusion controlled CV shape 
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Features UME Macro electrode  
Diameter 
The diameter for the critical 
dimension is approx 25 µm, 
smaller than the diffusion layer 
thickness 
Diameter is bigger than the 
diffusion layer thickness 
Diffusion  
Semi-infinite hemispherical 
diffusion  
Semi-infinite planar diffusion 
CV signal  Steady state (sigmoidal shape)  
Diffusion controlled (limiting 
step) 
Table 5-5 The difference between micro and macro electrode 
We have learnt from the results Figure 5-16, that the total surface area of the 
microspike was 103 times bigger than the conventional electrode and thus the current 
in the amperometric titration. This indicated that the microspike glucose biosensor 
behaved in a very similar way and quality as did the conventional electrode. The next 
challenge in delivering such a sensor is to test the robustness and the sharpness of the 
spike for skin penetration purposes.  
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A
  
B
Figure 5-16 Gold microspike titrating glucose (A) and gold conventional electrode titrating 
glucose (B). Collaboration with Anna Rodamska. 
5.3.2 Aptamer sensor  
Let’s recall the hairpin aptasensor constructed in chapter 4. The purpose of building 
such a sensor is for in vivo biomarker measurement providing an aptamer selected 
against the biomolecule. It is interesting to perform the same experiment on the 
microspike and compare the response from both types of sensor. In order to do so, the 
same procedures were applied with microspikes in an attempt to read the faradic 
current of redox species immobilized directly onto the spike surface. Following the 
immobilisation steps, the CV of microspikes in a buffer, both before and after the 
immobilisation of ferrocene-aptamer and MSA, are shown in Figure 5-17. No faradic 
current was observed while the ferrocene remained on the microspike surface. This 
was  in contrast to the standard hairpin biosensor in which the electrochemical current 
signal was pronounced.  
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Figure 5-17 CV of microspikes after the aptamer immobilisation.  
                  
Hence, we concluded that the current range for the immobilised ferrocene was smaller 
than the current from capacitance and resistance. In order to test if the device platform 
is feasible to use, solution redox species were used together with the surface 
immobilised aptamer. The A.C. impedance method was used in the experiment 
described in the material and method chapter.  
As shown in Figure 5-18, in the absence of an immobilized aptamer, the impedance 
spectrum did not respond to the lysozyme titration, and the impedance spectra were 
superimposed to each other at different concentrations of lysozyme. However, the 
impedance for both electron transfer and diffusion increased as the lysozyme 
concentrations went up in solution.  
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A B 
Figure 5-18 Impedance spectrum measurement of aptamer microspike sensor. Microspikes 
immobilised with a scrambled sequence (A) and with the anti-lysozyme aptamer (B). 
5.3.3   Analysis from the solution Aptasensor application 
The plot named Nyquist, charted along the Y axis, is the imaginary impedance, while 
the X axis is the real impedance. As explained in the introduction chapter, the semi-
circle indicated a kinetic controlled process and the tail represented a diffusion-
controlled process. In the absence of the lysozyme, the impedance spectrum was 
similar to that of the 50nM lysozyme present in solution. As the lysozyme increased, 
both the electron transport kinetic and the ion diffusion impedance increased 
accordingly. Especially from 300nm onwards, the impedance increased significantly. 
However, the same titration did not result in any impedance change for the control 
device that immobilized with a scramble sequence. The shift in the spectrum is thus 
specific to the concentration of lysozyme changes. As the percentage of lysozyme-
aptamer complex grew on the sensor surface, it acted as a barrier for electron transfer 
between the solution redox species and the device.  
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The Warburg diffusion impedance depends on the diffusion coefficient, the frequency 
and on the indefinite diffusion layer thickness. As the electron transfer reaction 
slowed down at the interface, the concentration of Fe 2+/3+ at the interface did not 
differ much from the bulk equilibrium, and hence the Warburg impedance was only 
observed at very slow frequency. 
Randle’s simple circuit is described as the semi-circle part of the spectrum, and 
consists of a solution and electron impedance as well as a double layer capacitance. 
The maximum of the semi-circle represents the capacitance of the circuit; the double 
layer capacitance relies on both the adsorbed inner and diffusive outer layer. As more 
lysozyme bound to the surface, more positive charges would be exposed at the 
interface and contributed to the capacitance.  
The above observation was probably due to the complex formation between the 
lysozyme and the aptamer. This may have jeopardized the interfacial electron 
transport as well as the Fe2+/ 3+ diffusion, due to the build-up of the protein at the 
interface.  
5.4 Discussions  
We have tested parameters including mask design, photoresist materials, and 
fabrication process. The effect on the spatial arrangement of the microspike arrays 
were shown in the result session. UME approach has many advantages as the surface 
structure [27, 181]. The electrochemical measurement of UME is benefit high mass 
flux, steady-state current, low ohmic drop, expansion of the working range of 
potentials and possibility of performing voltammetry in highly resistive media. The 
intention is to utilise the UME features, which will be take into consideration in 
microspike fabrication. To achieve this, we need to have long inter-spike distance in 
comparison to the spike diameter as shown in Figure 5-9 A.  The fabrication is 
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influenced by two factors, mask design and the exposure time. Over exposure caused 
more lateral cross-linkage between the polymer occurred a much bigger diameter of 
the spike shank and tip. 
Functionalising the surface with SAM layer as part of the biosensor is strongly 
depends on the crystalline morphology of the underlying metal. Gold can adapt 
different crystallographic orientation. Au(1,1,1) is the crystallographic orientation that 
is the chosen matrix for deposition or immobilisation. The particular orientation is 
expected to produce highest density of monolayer with better consistence [111, 112]. 
The efficiency of the immobilisation and the surface density of SAM of the electrodes 
described in this thesis should be further exploited to seek improvement.   
A major challenge in the electrochemical measurement is to provide insulation 
between spikes such that the measurement only monitored response from spikes. The 
challenge were tackled by many approaches. One of them is epoxy or photoresist 
spinning in a way similar to photoresist spinning. This procedure could contaminate 
spikes as drawn in Figure 2-7. Spikes close to dispensing point were covered more the 
spikes on the edge. The problem usually occurs when the specimen is small or 
irregular, which is the case in this thesis. Due to the uniformity problem, the 
insulation was bleeding to spikes in some area and inadequate in other area.  he 
exposed area per piece of microspike array sensor is unknown.  
Because of that, the sensor array before immobilisation has the detection limit at 
about 1 mM ferrocyanide. This is due to the higher impedance of the electrode. The 
high impedance in microspike array would affect the limit of detection. It was 
difficult to measure the redox current coming from the immobilised oligonucleotides. 
The solution in the thesis is to put the redox couple in the solution. The detection of 
the binding would cause the change of the accessibility of the redox couple. The 
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change of impedance was then correlated with the substrate-aptamer binding. The 
approached is similar to the method described in [103].The impedance decreased in 
response to lysozyme titration in the report. Interesting, the impedance increased in 
the sensor using the hairpin aptamer in this thesis. It indicates the importance of the 
structural variations between aptasensor designs, which would affect the mechanism 
of the electrochemical measurement.  
The sampling microneedle arrays were developed mostly as a sample extraction 
device with cavities  [188]. The sampling and detection are two separate steps in 
different regions of the device. In the first step, transdermal solution moves through 
the orifices of the needles into cavities of the array.  The solution then pass through 
microfluidic channels for characterisation or sensor sensing in the second step. The 
sensors or active bio molecules of the sensor are inside the cavity. The disadvantage 
of this approach is that the measurement could be hampered by orifice blockage or 
reduce flow rate. The monitoring may not reflect the speed of the change of an 
substrate in the solution.  A novel method was proposed in the thesis that the aptamers 
were immobilised on the outer face of the needles. By putting the sensing elements on 
the surface, the cost of array fabrication would be reduced dramatically.   
However, micro-sensors such as those described in the thesis demands move 
development to deliver required sensitivity and specificity, especially when the 
analyte is not as concentrated in the ISF as in other body fluids. Real-time monitoring 
could also be troubled by baseline drifting issue demonstrated in a glucose sensor . 
[189] 
5.5 Summary 
In this chapter, we have introduced an alternative way of fabricating sensor arrays, 
offering sub micro scale for two biological applications. The main concern is the 
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compromise of the device sensitivity due to its internal resistance. we should develop 
a protocol to cover the inter-spike space, to minimise the contamination. 
Alternatively, at current stage, we could consider manually cover the space with a 
small piece of array. Another interesting point is that the ratio of spike critical 
dimension to inter-spike distance influences the observed CV behaviour at a low scan 
rate of 1 mV and 5 mV/s. In other words, if the ratio is larger than one, the array 
behaves as a conventional electrode. As the ratio is reduced to less than 1/3, the array 
behaves as an ultramicroelectrode at low scan rates in CV.  
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Chapter 6. Concluding remarks and future work 
I have mainly studied two topics in this PhD work. Primarily, the electrochemical 
aptamer sensor, which is increasingly studied across research institutions throughout 
the world. The aptamer is a complementary tool for the antibody in terms of 
identifying novel bio recognition against a wide range of molecules.  
The displacement assay introduced in chapter three is the most repeatable sensor. The 
variation between sensors is small, providing that the surface is prepared in the same 
hybridisation buffer.  A one-step immobilisation procedure results in 100 times more 
ferrocene signal than the two-step immobilisation procedure. The former also 
produced a consistent signal trend in the titration at all frequencies/scan rates applied. 
We could further exploit the reusability of the sensor by regeneration of the surface 
with the oligomer for hybridisation, and determine if the regenerated signal is 
compatible with the first.  
The hairpin aptasensor approach described in chapter four is feasible, despite there 
being some outliers. We should be cautious in choosing the SAM molecule, since it 
may interact with the analyte-aptamer complex, or even promote non-specific protein 
adsorption and denaturation. Also addressing here is the interference from other 
proteins in the body fluid.  We should test sensor performance in a solution comprised 
of multiple proteins and solutes. Furthermore, a protocol for effective regeneration of 
the hairpin structure needs to be developed.  
Finally, the microspike sensor showed the potential to combine the sampling and 
detection into one simultaneous process.  This would supply real-time concentration 
or activity information of the biomolecules. The CV of solution redox species tested 
with the arrays behaves either as a conventional electrode or an ultramicroelectrode, 
depending on the diameter of the spike and the distance in between. Ultimately, it 
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depends on the mask design and UV exposure time and strength. The performance of 
the array as a glucose biosensor prototype was as sensitive as the conventional one 
developed in our laboratory. We attempted to block the flat surface area in between 
the spike in the light, to understand how the spike array reacted to the mass transport 
of analyte. Consequently, the protocol of blocking increased the sensor impedance. 
The blocking is unnecessary in reality as these areas will not be in contact with the 
tissue fluid under the epidermal layer. We would further improve the optimal height 
aspect ratio for the spike arrays, which at the same time provides the mechanical 
strength to penetrate the epidermis.  
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